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indudailg the compounds with R - Sm, Dy. Er sad Tm ia the range from 4.2 to 300 K. Indications for the presence of a spin 
reorientation were found in PtjFe„B. Nd 3 Fc 14 B and Ho,Fc, a B. 


L Introduction ity. The results of these measurements will be 

discussed in conjunction with the SPD data ob- 
In a previous investigation we briefly reported tained previously, 
on the temperature dependence of the anisotropy 
field (ff A ) in various ternary intennctallic com¬ 
pounds of the type R 2 Fe 14 B (R-rare earth or 2. Experimental 
Hi) studied by means of the singular point detec¬ 
tion (SPD) technique at temperatures ranging from The samples were prepared from 99.9% pure 

42 K to the corresponding Curie temperatures [1]. starting materials by means of arc melting in puri- 

The SPD method is useful in particular for in- fied argon gas. After arc melting the samples were 

vestigating compounds that have a uniaxial mag- wrapped in Ta foil, sealed into an evacuated quartz 

netic anisotropy with an easy magnetization direc- tube and vacuum-annealed at 900°C for a period 

tion parallel to the e-axis (Xj > 0). In the SPD of two weeks. X-ray diffraction was performed on 

method the anisotropy field at a given temperature powdered samples with a standard powder dif- 

is revealed as a singularity when d J Af/d/f 2 is fractometer equipped with a graphite crystal 

plotted versus H, M representing the magnetiza- monochromator using CuK. radiation. In order to 

lion (2J. Closer analysis of the SPD data showed study magnetic phase transitions ax. susceptibility 

that in some compounds changes in the easy mag- measurements were performed between 42 and 

nctizatioo direction occur upon a decrease of lem- 300 K. The ac field was approximately 10~ 4 T 

perature (1J. For instance, in NdjFe 14 B such peak to peak using a frequency of 82 Hz. All the 

changes were observed near 133 K, which closely samples were given a spherical shape in order to 

*grees with observations made on a single crystal have die same demagnetizing factors, 
by Oivord et aL (3J. In order to have a better The anisotropy field was measured using the 
understanding of the magnetic behaviour of the SPD (Singular Point Detection) technique [1], The 
various R,Fe, 4 B compounds we have measured theory of this method predicts a singularity in the 

the temperature dependence of their ac susceptibil- second derivative of the magnetization (d 2 M/ 

0304-8853/86/303.50 © Elsevier Science Publishers B.V. 
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d H~) at the anisotropy field H A if the external 
field is applied parallel to the hard plane ( A', > 0). 
From the fact that this method samples the prop¬ 
erties of only the correctly oriented grains (H n , 
parallel to the hard axis), it follows that H A can be 
measured on aligned powder samples but also on 
polycrystalline samples. This method is well suited 
for easy axis materials. If the anisotropy of a 
material having an easy plane of magnetization 
has to be measured, the theory predicts that the 
third derivative (d 3 W/d/f J ) will show a singular¬ 
ity at H — H a . Unfortunately, owing to expert 
mental difficulties,, measurements qf. d’Af/d// 
are virtually impossible. Our anisotropy studies 
were therefore restricted to R 3 Fe 14 B compounds 
of easy axis magnetic anisotropy. 


tion direction, their values of the anisotropy fields 
appeared to be too high to be determined with our 
pulsed field equipment. Inspection of the results 
given in fig. 1 shows that at low temperatures the 
anisotropy field in the R,Fe, 4 B compounds where 
the R atoms have an orbital moment (top part of 
fig. 1) is about an order of magnitude larger than 
in the remaining R, Fe 14 B compounds. The strong | 
temperature dependence of H A in these materials 
can be explained as follows. In the case where the 
anisotropy is determined exclusively by the R sub- 
experi- lattice magnetization one may describe its temper¬ 
ature dependence by means of the reduced hyper- - 
bolic Bessel function l i/2 m(T) of degree /-2, 
where m K (T) is the reduced 4f-sublatlice magneti¬ 
zation [5]. This leads to a temperature dependence 
of H a which can be represented by the expression 



HJT) 


The temperature dependence of the anisotropy 
fields in R 2 Fe 14 B compounds in which the easy 
magnetization direction is parallel to the c direc¬ 
tion [4] is shown in fig. I. Although TbjFe^B and 
DyjFe I4 B have the same type of easy magnetiza- 


2*.(r) 

M(T) " 


. U"u(r)l 

M(T) 


where M is the total magnetization. Using a mean 
field model and assuming that J s/1 m K (T) varies 
as m 2 „(T) for temperatures close to T c , one expects 
that H a (T) will vary as M u [T\T- c)J*’ in this 


the strength of the 4f-3d coupling. It is likely 
therefore that H A is mainly due to the Fe sub¬ 
lattice at temperatures close to T c . At lower tem¬ 
peratures H a of the R sublattice becomes domi¬ 
nant, the more so since it varies even more strongly 
with decreasing r, owing to the fact that / 5/2 
m R (r) behaves as m\(T) at temperatures T< T e . 

A much more modest temperature dependence 
of H a is observed for the RjFe )4 B compounds in 
which R is nonmagnetic (R - Y, La, Lu, Ce, Th). 
Here H A (T) is seen to decrease with decreasing 
temperature (T « T c ). These results suggest that 
the Fe atoms at the different crystallographic Fe 
sites will contribute differently to H A and that the 
temperature dependence of these contributions will 
not be the same either. A similar situation was ; 
assumed to exist in YjCo„ (6J. Attempts were j 
made to describe the 3d sublattice anisotropy in 
uniaxial Co-base intermctallic compounds in terms 
of the second-order crystal field parameter B° [7). 
In this model one expects a correlation between 
the anisotropy energy and the factor 1 - j(c/a) 3 , 





























ry agreement with 
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where .'/ is the magnetization and H, the internal 
field. Owing to the presence of demagnetizing 
fields (demagnetizing factor D) the experimentally 
I initial susceptibility x?” takes the form 


O) 


-c x' and the effect of D can be neglected, 
crude estimate ofxi for three different cases 
""'onSsy ma C w# *i TJ ii fm ‘~^Hreriions can be obtained 
by assuming that changes in magnetization are 
solely due to rotation of the moments [9J. In that 


which is in satisfactor. _ 
shown in fig. 2. 

The anisotropy behaviour in R]Fe u B com¬ 
pounds where the R sublattice also contributes to 
the anisotropy is fairly complicated since a de¬ 
creasing temperature may lead to an easy magneti¬ 
zation direction different from that found at room 

__ temperature (see below) (3,9). Nevertheless, for 

die material has either a large magnetic anisotropy those compounds where the easy magnetization 
direction at room temperature is parallel to the 
c-axis it is possible to compare the values observed 
for X, with values calculated by means of eq. (4) 
on the basis of the dau available *»r M, and 
AT, - IHfJM,. We have compiled in uble 2 ex¬ 
perimental values of Af„ ft 0 H A and Xi for all 


M} 

~ 3AT, + fAo 


6 (*, 


h2JC,) + 9Xo 
Ml 


(easy plane), 
(easy cone). 


Xl (2AT, + 3Ao - 2Af,F(i|) 
where F is defined as follows: 
f(,) - (5 + 6,)/(l + 2,). i, - *,/*,. 


(4) 

(5) 

(6) 


and where X and a represent the magnetostriction 
and the internal stress, respectively. 

Inspection of eq. (4) shows that in materials 
having an easy axis magnetization one may expect 
that the temperature dependence of x, will strongly 
reflect the temperature dependence of the squared 
m a gnetiz ation (Af, J ) and the reciprocal anisotropy 
constant JC,. Concentrating on the compounds in 
which the anisotropy is exclusively due to the 3d 
sublattice magnetization (R-La, Th, Y, Ce, Gd, 
Lu) ooe sees from fig. 1 that H A increases slightly 
with temperature in the range considered here 
(42-300 K). Substituting H A - 2JC,/Af, in eq. (3) 
and disregarding magnetoelastic effects, one ex¬ 
pects the initial susceptibility to vary with temper¬ 
ature as Xi “ MJH a . Since both M, and H A 
increase slightly with temperature in the range 
from 42 to 300 K, this means that xi should not 
show a pronounced temperature dependence, 


values of Xi calculated by means of eq. (4), ne¬ 
glecting magnetoelastic contributions and demag¬ 
netizing effects. Owing to these latter effects in 
particular, the uncertainties in the x, values may 
become rather large and reach values as high as 
30% in the wont case. In order to exclude the 
effect of these uncertainties as far as possible we 
have normalized both sets of x, values to the 
corresponding values of Y,Fe 14 B. These nor¬ 
malized values are given in the last two columns of 
the table, and are indicated as x“‘ > and xi**. 
respectively. Inspection of these dau shows that, 
with the exception of La,Fe 14 B, there is satisfac¬ 
tory agreement between experimental and calcu¬ 


lable 2 

Satura tion ma gnetirauon (*) tnixxropy field (,,H A ) aod 

room leaparatnre. The values listed as xf - * were calculated oo 
the bests of eq. (4) and arc given in arbitrary units. The values 
and x”* are normalized to the Xi vahies of Y,Fe„B 
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149 

1.97 

16.1 
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121 1.16 
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2.64 
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2. 99 

0.72 028 
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1J0 
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12 

1J4 

028 0J1 

Nd,Fa H B 
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15 

22 

1J0 

023 030 
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226 
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2.3S 

061 024 

Ho,Fe„B 
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0.10 0.13 

UjFe.eB 

111 

2.v4 
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2.80 

0.62 064 
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pounds, which is reflected ir 
pendence of x,(T). 


la ted values, implying that the simple model de¬ 
scription of the susceptibility data is basically cor¬ 
rect. 

It can be seen from the results in figs. 3 and 4 
ihat the compounds R 2 Fe, 4 B with R-Pr. Nd 
and Ho show marked anomalies in their Xi(T) 
curves. Studies on a single crystal of Nd 2 Fe, 4 B 
had revealed that this compound undergoes a spin 
reorientation when cooling from room lempaa- 
iure to below 135 KJ3], At room temperature the 
easy magnetization direction is parallel to the e-axis 
but below 135 K the easy magnetization direction 
corresponds to a cone, the corresponding tilting 
angle being equal to about 30°. It follows from 
eqs. (4) and (6) that Xi passes through a maximum 
when going from a situation corresponding to an 
easy axis to one corresponding to an easy cone. 
Taking account of the demagnetizing factor, the 
initial susceptibility at the transition temperature 
is proportional to Xi ,m> « M?/(3Xo + D). 

While the temperature dependence of Xi ob¬ 
served by us for Nd 2 Fe, 4 B is in agreement with 
(he change in easy magnetization direction rV 
served on a single crystal of this compound, there 
ire no such single crystal data available for 
Pr,Fe, 4 B and HojFe, 4 B. Our x ( (T) data then 
suggest that similar changes in the easy magnetiza¬ 
tion direction might also occur in the latter two 
compounds, whereas no such changes are expected 
to be present in Dy 2 Fe 14 B and TbjFe, 4 B (see fig. 
4). In py 2 Fe 14 B and TbjFe, 4 B the values of Xi 
are particularly low. The reason for this is the 
relatively low value of M, in eq. (4), which is due 
to the antiparallel coupling between the 3d and 4f 
sublattice magnetizations. Furthermore, the SPD 
measurements had shown that H A in these 
materials is comparatively high. 

Low values of M, are also expected for the 
RjFe, 4 B compounds shown in fig. 5. In Er 2 Fe 14 B 
and Tm 2 Fe u B one has again an antiparallel cou¬ 
pling between the R and Fe sublattices, while in 
Sm 2 Fe, 4 B the R sublattice magnetization is only 
very small. The reason why these compounds have 
nevertheless quite appreciable values of «ems 
from the fact that the easy magnetization direction 
in these materials is perpendicular to the c-axis 

sector is relatively Urge. The values of M, decrease 
with decreasing temperature in all three com- 


4. Concluding remarks i 

We have shown that the magnetocrystalline ani- | 
sotropy in tetragonal R 2 Fei 4 B phases consists of j 
two contributions that have a different tempera¬ 
ture dependence. The crystal-field-induced ani¬ 
sotropy prevails in materials in which the R com¬ 
ponent has an orbital moment and this contribu¬ 
tion decreases strongly with temperature, particu¬ 
larly at temperatures well below T c . The ani¬ 
sotropy coritfibuitd by the Fe sublattice magneti¬ 
zation is much weaker. But at temperatures well 
below T c this anisotropy increases with tempera- 

We found that a weak correlation exists be- j 
tween the magnetic anisotropy energy and the : 
factor 1 - i(e/a) 2 , suggesting that the Fe sub- 
lattice anisotropy originates, too, from crystal field 
effects. Inherent in such a description is the pres¬ 
ence of an orbital moment on the Fe atoms, which 
would agree with the observation of a non-ncgligi- 
ble magnetization anisotropy in La 2 Fe M B and 
Y 2 Fe 14 B[8t 

The initial susceptibility of the R 2 Fc l4 B com¬ 
pounds studied appears to be mainly governed by 
the corresponding magnetocrystalline anisotropy. 
Pronounoed variations of the initial susceptibility 
with temperature were observed in R 2 Fe 14 B com¬ 
pounds with R« Pt, Nd or Ho. These changes 
point to changes in easy magnetization direction at 
the corresponding temperature. 
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MAGNETIC AND ANISOTROPY STUDIES OF Nd-Fe-B BASED PERMANENT MAGNETS 


G. HILSCHER, R. GROSSINGER. S. HEISZ. H. SASSIK and G. WIESINGER 

Institute for Experimental Physics. Technical University Vienna. A-1040 Vienna. Karlsplatz 13. Austria 


Magnetocrystalline anisotropy and coercivity of sintered and rapidly solidified Nd-Fc-B magnets are compared The 
sintered Nd-Fe-B the coercivity is mainly controlled by nuclealion of reverse domains. 


The development of an outstanding hard magnetic 
material rich in Fe based on Co-free R-Fe-B-alloys 
was successfully demonstrated by: rapidly quenched 
ribbons [1], by sintered magnets [2) and recently by a 
ternary diffusion path (3). The principle sources of the 
hard magnetic properties in Nd-Fe-B are the intrinsic 
properties of the tetragonal Nd 2 Fe M B phase as the high 
uniaxial crystal anisotropy and the high saturation mag¬ 
netisation (H a m 7.S T, ii 0 M, »1.6 T) at room tempera 
ture, but also the metallurgical possibility for the forma¬ 
tion of small crystallites of the Nd 2 Fe l4 B phase with a 
size near to monodomain particles giving rite to a high 
coercivity ,H C . The aim of this paper is to compare the 
anisotropy and coercivity mechanisms in samples pre¬ 
pared by three different production technologies. 

The permanent magnets have been prepared by 
applying three different techniques: i) rapidly quench¬ 
ing using the melt spinning technique (1]; ii) the conven¬ 
tional sintering procedure with the main steps: melting, 
crushing and milling, pressing and magnetically aligning 
in a die, sintering and a post-sintering heat treatment 
under vacuum (2); iii) reaction of elemental Fe and Nd 
powder in combination with a master alloy of FejB 
along a ternary diffusion path according to Stadelmaier 
(3J. The magnetic measurements have been performed in 
static fields up to 5 T at 300 K and in pulsed fields up 
to 25 T in the range 77-600 K. The anisotropy field was 
measured in the range 77-600 K using the SPD (Singu¬ 
lar Point Detection) technique. 

The anisotropy and coercivity of melt spun alloys is 
shown for two compositions in fig. 1 as function of the 
wheel velocity. For NdiiFe^B, we obtain ,H C values 
exceeding 2 T while for Nd^Fe,,^ the maximum of 
p„/f c is about 1.4 T. The pulsed field measurements of 
i H c performed on 10 to 15 pieces of the ribbons glued 
together are found to agree well with static measure¬ 
ments on ribbons ground to powder and pressed with 
Scotch Cast 260. The anisotropy measurements at room 
temperature show that for wheel velocities larger than 
13 m/s the anisotropy field H A remains independent of 
the cooling rate within the experimental accuracy and 
equals (7.5 ± 0.2) T. Only for underquenched samples 
(u < 13 m/s), a sharp decrease of II A was observed |4), 
while for overquenched samples (v < 19 m/s), contrary 


to the reduced ,H C . H A is suit of the order of 7.5 T. 
The same H A value (7.5 T) at 300 K was obtained for 
various sin ered Nd-Fe-B-magnets and also for sam¬ 
ples produced by the 3rd method, the ternary Effusion 
process according to Stadelmaier [3]. 

It was shown recently that the easy axis ofmtgneti- 
zation changes from the c-axis at T > 135 K to an easy 
cone below 135 K (5). This gives rise to a jump of the 
anisotropy field which is observed for both the sintered 
[6] and the melt-spun material. In fig 2 the anomaly at 
H a and ,H C is shown for a melt-spun sample occurring 
between 150 and 200 K and slightly depending on the 
cooling rate. Furthermore, we note that the variation of 
the Nd-Fe-B composition hardly influences both the 
absolute value of H A and its temperature dependence. 
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Their change, however, can be achieved by substituting 
Nd partly by heavy rare earths as Dy or Tb. From these 
anisotropy measurements we conclude that H A is an 
intrinsic property of Nd 2 Fe w B and is not influenced by 
the 3 different metallurgical processes. 

In centrist to H A , ,H C depends strongly on the 
metallurgy, which is demonstrated in fig. 1 where ,H C 
of melt-spun alloys depends on both the cooling rate 
and the Nd-Fe-B composition. As shown by ref. [7] the 
coerdvity of overquenched melt-spun samples with low 
i W c can be enhanced by a factor of more than 10 by an 
additional heat treatment at 700°C (see also Fig. 1). 
From the analysis of the Mfissbauer-spectra of under¬ 
and overquenched ribbons we conclude, that free o-Fe 
is present, coming presumably from 8j 2 -places of the 
Nd 2 Fe H B lattice. No free Fe can be detected with the 
MOssbauer effect in high coercive ribbons quenched 
with a wheel velocity 15 m/s < v < 19 m/s. The hyster¬ 
esis loops of under- and overquenched ribbons exhibit a 
pronounced dip in the second quad rand which accord¬ 
ing to Becker (8) arises from a soft magnetic phase (fig. 
3a). This finding is in accordance with the MOssbauer 
analysis. After heat treating the overquenched samples 
at 700“C, the pronounced dip in the second quadrant 
has diminished and the shape of the minor loops has 
changed from a typical nucleation type behaviour to a 
wall pinning behaviour (fig. 3b). Both metallurgical 
processes, namely diffusion of a-Fe into the Nd 2 Fe, 4 B 
lattice and a grain growth are the origin for the ,H C 
enhancement and the predominant wall pinning be¬ 
haviour of the overquenched, heat treated melt-spun 



Fig. 3. Comparison of successive hysteresis loops or an over¬ 
quenched sample before (a) and after annealing (b). 


For sintered Nd, 5 Fe, 7 B, magnets ,H C values from 
0.7 T up to 1.2 T were obtained depending upon the 
post-sintering heat treatment From the shape of the 
minor loops of these magnets (0.7 T<|i 0 ,W c <1.2 T) 
and magnets produced by the ternary diffusion path 
T) we deduce that the coercivity mecha¬ 
nism is mainly controlled by the nucleation process 
which can be changed into a wall pinning behaviour, if 
Nd is replaced either by Pr or partly by heavy rare earth 
elements as Dy or Tb. 
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Summary 

A permanent magnet based on Nd-Fe-B was prepared by liquid phase 
sintering ((BH) _ - 290kJm' 3 , / W c - 593 kA m"',B t = 1.24 T). The temper¬ 

ature dependence of the coercive force was compared with the temperature 
dependence of the anisotropy field, the anisotropy energy, the ratio between 
wall energy and magnetization and the nucleation field for reversed magnetic 
domains. It was found that the coercive force is neither purely pinning 
controlled nor purely nucleation controlled. 


1. Introduction 

Permanent magnet materials obtained by the sintering of powders of 
Nd-Fe-B alloys have been shown to possess outstanding magnetic proper¬ 
ties [1, 2]. A drawback of these materials is their limited corrosion resistance 
and the relatively high negative temperature coefficient of the coercive force. 
In this paper we report an investigation in which we have studied the temper¬ 
ature dependence of the coercive force jH c in more detail. We include in this 
investigation the temperature dependences of the anisotropy field H A , the 
anisotropy energy fC, and the domain wall energy y in an attempt to deter¬ 
mine in how far the temperature dependence of jH c is related to that of H A , 
ffi°r 7 . 

2. Materials and methods 

The sintered magnet body used was made from an Nd-Fe-B alloy 
close in composition to Nd 2 Fe l4 B. The various steps involved were particle 
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alignment, pressing, sintering and heat treatments. These have been described 
in more detail elsewhere (3]. The measurements of jH c were made in a 
pulsed-field system. For the measurements of H A we used the singular point 
detection (SPD) method [4J. The temperature dependence of the saturation 
magnetization o was measured on a conventional o-T apparatus based on the 
Faraday method. The performance of the magnet body at room temperature 
can be specified by the following parameters: ( BH) mkx = 290 kJ m~\ jH c - 
593 kA m ' 1 and B, = 1.24 T. 


The temperature dependence of the anisotropy field H K is shown in 
Fig. 1. The strong rise in H A with decreasing temperature has a small discon¬ 
tinuity below about 250 K for which we have no explanation at the 
moment. The small structure near 250 K in the H A {T) curve is probably of 
minor importance since the overall behaviour of the H A (T) curve of the 
sintered magnet body is much the same as the H A (T) curve measured on a 
piece of an atc cast alloy of the composition NdjFe M B after homogenizing 
at 900 °C for 3 weeks [5], . „ 

The temperature dependence of jH e and ./,-is shown in Fig. 2. Separate 
measurements showed that the Curie temperature is close to 585 K. 

An important parameter for describing the coercive fields in hard mag¬ 
netic materials is the domain wall energy 7 . The room temperature value of 
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where the temperature dependences of H K and J, were taken from Figs. 1 
and 2. In eqn. (1) ft represents the Boltzmann constant and d is the distance 
between the magnetic atoms. The temperature dependence of 7 obtained in 
this way is shown in the inset of Fig. 1. An important parameter related to 7 
is the single-domain particle diameter D c , representing the diameter of an 
isolated sphere below which single-domain structures are energetically pre¬ 
ferred to two-domain structures in zero applied field. Using D c “ 1.4(4ir) J 
J," 1 Livingston [ 6 ] found that in Nd-Fe-B permanent magnets D c is about 
0.3 pm at room temperature. The temperature dependence of D c was derived 
from the temperature of 7 and the temperature dependence of J, (Figs. 1 
and 2). As can be seen in the inset of Fig. 1, the single-domain particle diam¬ 
eter shows virtually no temperature dependence in the region below 600 K. 
At all temperatures we may expect, therefore, that D c will be much smaller 
than the grain diameter, being typically 10 pm. 

In Fig. 3 we have analysed the temperature dependence of jH c in 
terms of various models relating jH c to one or more of the other magnetic 










parameters considered in this report. Inspection of the results in the top and 
middle parts of Fig. 3 shows that the coercive force is not proportional to 
the anisotropy field, as was proposed by for uniform pinning on extended 
planar defects by Kutterer etal. [7], Zylstra [8] considered discrete pinning 
and showed that if the coercive force originates from wall pinning at discrete 
sites one may expect jH c to be proportional to y/J. As shown in the middle 
part of Fig. 3, this proportionality is not found in the permanent magnet 
material investigated. Livingston [6] studied various Nd-Fe-B permanent 
magnet materials by means of microscopic investigations using the Kerr 
effect. He found indications that the coercive force in these materials is 
nucleation controlled rather than pinning controlled. For spherical defects 
of radius r the internal nucleation field was estimated by that author to be 
H„ = 4 jt7 /Jr — NJ , where NJ represents the demagnetizing field. Taking the 
temperature dependence of y shown in the inset of Fig. 1 together with the 
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temperature dependence of J given in Fig. 2 and taking N equal to unity we 
have calculated the temperature dependence of this nucleation field for vari¬ 
ous values of r. In none of these cases did we find a proportionality between 
jH c and the nucleation field H n . Two representative examples of such plots 
of jH c versus H„ are shown in the bottom part of Fig. 3. 

Surprisingly enough we found a satisfactory description of the tempera¬ 
ture dependence of the coercive force (Fig. 4) when using the relation 



proposed by Kiitterer et al. [7] for the case when jH c is determined by 
volume pinning associated with the presence of atomic disorder. Kiitterer 
et al. [7] successfully applied their model to the description of the intrinsic 
coercive force caused by pinning of narje^w domain walls in a single crystal 
of SmCo 5 . However, the magnitude of the coercive forces considered in this 
case was approximately 10 _1 T, which is more than three orders of magnitude 
lower than the coercive forces considered in the present study. The applica¬ 
bility of this model to the Nd-Fe-B permanent magnet material seems 
therefore doubtful. 
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strongly with temperature than the anisotropy field. We found that a satis¬ 
factory description of the strong temperature dependence of the coercivity 
cannot be given in terms of current models in which this quantity is taken is 
be either pinning controlled or nucleation controlled. It is not unlikely that 
the underlying mechanism of jH c itself depends on the temperature. 
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The temperature dependence of die anisotropy field of Nd,Fei«_,- 
Co x B ha* been measured between 77 K and the Curie temperature, using 
the singular point detection (SPD) technique. The anisotropy field at room 
temperature is found to decrease with increasing cobalt content. Measure¬ 
ments of the temperature dependence of the initial susceptibility show 
that at a temperature T u which is below room temperature, the easy mag¬ 
netization direction changes. The origin of the change is attributed to the 
neodymium-sublattice anisotropy. For the cobalt-rich samples (x>6) it 
is found that at temperatures T, higher than ambient temperatures a second 
spin reorientation takes place, which is attributed to the competing effect 
of the neodymium sublattice anisotropy and the 3d sublattice anisotropy. 


The compound Nd 2 Fe 14 B is the basic material for the production of 
high quality permanent magnets [1, 2], It crystallizes [3] in a tetragonal 
structure (space group P4-Jmnm) and combines a high saturation magnetiza¬ 
tion (4rrAf, -1.6 T) with a high uniaxial anisotropy at room temperature 
*7 T). The magnetic structure of NdjFenB is not the same at all 
temperatures. Below 136 K a spin reorientation takes place from an easy 
magnetization along the c axis to an easy magnetization direction in the 
(110) plane [4). Investigations of the mixed crystal aeries (Nd^R,.,)!,- 
Fe-nB* (R s Y, Ce, La) showed that this anomaly is mainly due to the tem¬ 
perature dependence of the neodymium sublattice anisotropy [5], 

A major disadvantage of the Nd-Fe-B magnets is their rather low 
Curie temperature (T„ “ 580 K) [6]. Substitution of cobalt for iron leads 
to an increase of T. (7], However, a further requirement for the attain¬ 
ment of high coercivity magnets is the presence of a high anisotropy. In 
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the present work we have concentrated therefore mainly on changes in the 
anisotropy caused by cobalt substitution in Nd 2 Fei4B. 


2. Experimental details 

The NdjFe M _,Co,.B samples were prepared by arc melting under 
purified argon gas from starting materials of at least 99.9% purity. X-ray 
diffraction showed that arc-casting did not result in single-phase samples. 
For this reason all samples were vacuum annealed for 3 weeks at about 
900 °C. After this treatment the samples were found to be approximately 
single phase, remnants of the impurity phases being of the order of a few 
percent. 

In order to determine the Curie temperature of the various compounds 
we measured the temperature dependence of the magnetization o above 
room temperature by the Faraday method. The values of T c were obtained 
by plotting a 1 versus T and extrapolating to o 2 -*• 0. 

The anisotropy field H A was measured in a pulsed field system from 
77 K up to the Curie temperature using the singular point detection (SPD) 
technique [8]. This method leads to a singularity at H - H A in experimental 
curves of d^M/dt 1 versus H (Af is the magnetization) if the c axis is the 
easy magnetization direction. As already mentioned, in Nd 2 Fe 14 B a spin 
reorientation from an easy c axis to an easy cone was found to occur near 
Ti = 136 K. Assuming the usual series expansion of the anisotropy energy, 
£. = Ki sin*0 + K 7 sin*0, a necessary condition for such a spin reorientation 
is a change in sign of X, from positive to negative. Consequently there 
exists a temperature range above T, where K x becomes small and where 
higher order anisotropy constants determine the shape of the anisotropy 
energy surface. Such behaviour was indeed found in Nd 2 Fe 14 B below 200 K 
by Yang Fu-Ming et aL [9] who studied the temperature dependence of 
K x and K 2 over an extended temperature range. The change in relative 
magnitude of the anisotropy constants leads to the occurrence of addition¬ 
al relative minima in E m . The magnetization vector can no longer rotate 
smoothly in this temperature range and jumps in M(H) can appear. This 
phenomenon is commonly referred to as the first order magnetization 
process (FOMP). A theoretical description of it was given by Asti and 
Bolzoni [10]. Such a FOMP was not only found in Nd 2 Fe 14 B [11], but 
also in various (R, Nd) 2 Fe 14 B compounds [6] as well as in Nd-Fe-B per¬ 
manent magnets [12]. We recall that the critical field H„, for which such 
a FOMP is observed, is not equal to H A {H„ < H A ). This can be derived from 
measurements made on Nd-Fe-B magnets where it had been possible to 
measure simultaneously H A (T) and H ct (T) in the temperature range of 
interest, 135K<T<200K [13]. Therefore the change in shape of the 
d J M/df J versus H curves found below 200 K in most of the samples studied 
in the course of the present investigation was taken to be indicative of such 
a FOMP anomaly. 
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A more accurate determination of the spin reorientation temperature 
can be obtained from measurements of the temperature dependence of 
I 11 the initial susceptibility Xi( T )- Measurements of Xi(T) were made in the 
1 temperature range between 4.2 and 300 K by using a lock-in technique 
and employing a small a.c. field of frequency 83 Hz. In a previous investiga- 
1 tion [14] we showed that Xi can be taken to be proportional to MJ(K, + F), 

where F is a function of the higher order constants K t , K } etc. Since K y 
is expected to change its sign at the spin reorientation temperature (and 
hence K, -*■ 0) one expects a maximum to occur in the Xi (T) curve near the 
same temperature. 

3. Results and discussion 

Examples of measurements of the temperature dependence of the 
initial susceptibilities are shown in Fig. 1. It appears from our measure¬ 
ments that the phenomenon of spin reorientation is present in the whole 
concentration range of the NdFe^.^Co^B series. The spin reorientation 
temperatures T, derived from these measurements have been plotted as 
a frinction of cobalt concentration in Fig. 2. It can be seen from Fig. 2 that 
the spin reorientation temperature shows a comparatively low concentration 



Fig. 1. Temperature dependence of the initial susceptibility in various Nd } Feis _ x Co x B 
compounds. 











dependence for all but the highest cobalt concentrations. For cobalt con¬ 
centrations higher than that corresponding to the approximate formula 
composition Nd 2 Fe 2 Co, 2 B there is a strong decrease. 

Results of measurements of the temperature dependence of the anis¬ 
otropy field H a are shown for the two extreme compositions in Fig. 3. It 
may be seen from this figure that the decrease in H A with T is much stronger 
in Nd 2 Co 24 B than in Nd 2 Fe,«B. Owing to the proximity of the spin reori¬ 
entation in Nd 2 Fei4B at temperatures below 200 K, measurements of H A 
by the SPD method are somewhat difficult [11], which implies that the 
actual H a values in this temperature range may be somewhat higher. In any 
case, static measurements made in high magnetic fields on magnetically 
aligned powders showed that the H A values of both materials at 4.2 K are 
approximately the same, which means that both curves shown in Fig. 2 will 
eventually reach the same end point at low temperature. 

In order to facilitate the comparison of the H A (T) curves obtained 
for the various compounds of the series NdFei«_,Co,B we have plotted 
in Figs. 4 and 5 the reduced values of H A (T) versus the corresponding re¬ 
duced temperatures. The reduced temperatures are defined as T/T c . The 
reduced values of H A are defined as H A (T)IH A ( 4.2 K), where we have used 
Po// a ( 4.2 K) - 31 T, being the mean value between ft 0 H A - 32 T found for 
NdjCouB and p„// A ■ 30 T found for Nd 2 Fe 14 B [6,16], Inspection of the 
results shown in Figs. 4 and 5 makes it clear that the reduced anisotropy 
fields behave in a systematic way when the cobalt concentration is increased 
in Nd 2 Fe 14 _,Co I B. It is interesting to note that the T e value of Nd 2 Co 14 B 
(1005 K) is considerably higher than that of Nd 2 Fe 14 B (686 K). Whereas 
H a (T) in the iron-rich compounds tends to become zero at temperatures 
close to T c , one may notice in Fig. 5 that H A (T) of the cobalt-rich com¬ 
pounds, as measured by the SPD method, tends to become zero at a tem¬ 
perature far below T c . 
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The concentration dependence of H K at room temperature is shown 
Fig. 6 . H a decreases from more than 7 T in Nd 2 Fe 14 B to less than 5 T 
Nd t Co 14 B. We have included in Fig. 6 the H A (x) values derived from 
e data published by Sagawa et aL [16]. It is obvious that the agreement 
for the iron-rich compounds is satisfactory, but a discrepancy between the 
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two H A (x) curves is manifest for the compound of relatively high cobalt 
concentration. The reason for this discrepancy might be the following. The 
H A values measured by means of the SPD technique represent the physically 
relevant anisotropy field, including all anisotropy constants (independent 
of the chosen series expansion of the anisotropy energy). The H A values 
obtained from the K, data of ref. 16 were calculated by means of the for¬ 
mula H a ■ 2KJJ,. It is interesting to note that this difference starts to 
become appreciable for those concentrations where a spin reorientation 
from the c axis to the basal plane occurs at higher temperatures (see below). 
This means that negative contributions to H A become relatively important 
for increasing cobalt concentration, which are less easily taken into account 
by considering only K,. 

Detailed measurements of the temperature dependence of the mag¬ 
netization on a NdjCo,«B single crystal were made by liTRoux et aL [17]. 
These authors found a cusp in M(T) of this compound at the very tempera¬ 
ture (Tj) where H A (T) tends to vanish in our measurements. This coinci¬ 
dence may be explained by assuming that at this temperature, T 2 , a second 
spin reorientation takes place. X-ray diffraction studies made on magnet¬ 
ically aligned powders of various RjCoisB compounds had made it clear that 
the easy magnetization direction is parallel to the c direction in Nd 2 Co,«B 
at room temperature. However, it was found that the easy direction is 
perpendicular to the c axis in compounds in which the R component does 
not contribute to the anisotropy. Consequently one expects that in Nd r 
Co 14 B, too, the easy magnetization direction will become perpendicular 
to the c direction when the temperature is sufficiently raised to make the 
contribution of the strongly temperature-dependent neodymium sublattice 


sgligibly 


However, no such second spin reorientation is 









171 


expected in Nd 2 Fe l4 B since the iron sublattice anisotropy favours the 
same easy magnetization direction (parallel to the c axis) as the neodymium 
sublattice anisotropy. From the fact that the 3d sublattice anisotropy is 
of opposite character in the iron and cobalt compounds one may expect 
that Tj will increase with increasing iron concentration in Nd 2 Fe 14 _ J[ Co Jt B, 
as is found experimentally. The magnetic phase diagram, showing the con¬ 
centration dependence of T 2 , together with the corresponding concentra¬ 
tion dependence of T t and T c , is given in Fig. 7. 


4. Concluding remarks 


In order to improve the unfavourably large temperature coefficient 
of the magnetization of Nd-Fe-B base permanent magnets, various pseudo- 
ternary alloys were considered in which part of the iron was replaced by 
cobalt [7]. As a result of this replacement, the Curie temperature of these 
alloys rose substantially and the concomitant room temperature coefficient 
of magnetization was considerably lowered. However, the beneficial influ¬ 
ence of the cobalt substitution with regard to the temperature coefficient 
of the magnetization was found to be accompanied by an unfavourable 
lowering of the room temperature coercive forces attainable in these mate¬ 
rials. This behaviour is rather unexpected since the strength of the maximum 
coercive field is commonly considered to be related to the magnitude of 
the anisotropy field, and since the latter quantity was found to be almost 
equal in both materials at 4.2 K [6,18]. The results presented in the previ¬ 
ous section make it dear, that the temperature dependence of H A is much 
stronger in Nd 2 Co 14 B than in Nd 2 Fe 14 B, leading to a room temperature 
value of H a which is 40% lower in NdjCo 14 B than in Nd 2 Fe 14 B (see Fig. 3). 
This lowering of H A seems less strong than the lowering of the coercive 
force, which is equal to 7.3 kOe in NduFe^B, but only 0.8 kOe in Nd ls - 
FcitCojoB* (7|. This suggests that, apart from the change of H A , changes 
in the microstructure of the alloys also take place, leading to changes in 
the nudeation or pinning centres. This is not unexpected since the ternary 
Nd-Co-B phase diagram contains considerably more ternary compounds 
than the Nd-Fe-B phase diagram. 

We have shown that the low-temperature spin reorientation tempera¬ 
ture T, in Nd 2 Fe, 4 _ I Co I B has a peculiar concentration dependence, being 
relativdy insensitive to cobalt substitution up to x » 12, then decreasing 
strongly with x. The low-temperature spin reorientation is due primarily 
to the neodymium sublattice anisotropy and it was proposed on several 
occasions that its origin is due to the contribution anisotropy constants 
of higher order than /T, ( which become important at low temperatures 
[18,19], The concentration dependence of these higher-order anisotropy 
constants is still unknown at present. From the magnetic phase diagram 
proposed by us (Fig. 5) it follows that for compounds with relatively high 
cobalt content there is a second spin reorientation transition (T 2 ) at higher 
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temperatures. In contrast with the transition at T t , this high-temperature 
transition depends not only on the neodymium sublattice anisotropy but 
also on the 3d sublattice anisotropy. It can be seen from the magnetic 
phase diagram that neither of these phase transitions will have any bearing 
on the possible application of these compounds as starting materials for 
permanent magnets. 
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MAGNETIC ANISOTROPY IN PMFe.-.Co^heB COMPOUNDS 
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1018 XE Amsterdam (The Netherlands) 
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We have measured the concentration dependence of the Curie tem¬ 
perature, magnetization, anisotropy field and lattice parameters in 
Pr I (Fe l -jCo*),^ for 0<x<l. The Curie temperature strongly increases 
with x. The saturation magnetization at 4.2 K decreases with x after re¬ 
maining approximately concentration independent up to x - 0.2. The room 
temperature anisotropy field first decreases with x but after passing through 
a mi n i m u m at about x « 0.7 strongly increases with x. The experimental 
results are compared with results obtained previously for Nd 2 (Fe| _,Co x ) 14 B 
and are discussed in terms of crystal-field effects. 


1. Introduction 

Compounds of the type R 2 Fe 14 B (where R represents neodymium or 
praseodymium) are basic materials for the production of high quality 
permanent magnets [1,2]. Both compounds crystallize in a tetragonal 
structure (space group PA 2 lmnm) and combine a high saturation magnetiza¬ 
tion with a high uniaxial anisotropy at room temperature [3, 4], A major 
disadvantage of the R-Fe-B magnets is their rather low Curie temperature 
(T e ■ 600 K) [6]. Substitution of cobalt for iron leads to an increase in T c . 
However, a further requirement for the attainment of high coercivity 
magnets is the presence of a high anisotropy. Recently we have investigated 
at room temperature the changes of the anisotropy field B K caused by 
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cobalt substitution in Nd 2 Fe, 4 B [6], We found that £ A in Nd(Fe, -^COj,)^ 
exhibits a minimum near x = 0.9. 

The purpose of the present study is to investigate whether similar 
features are also present in the concentration dependence of B A in the 
series Prj(Fe, _ x Co x ) 14 B. 


2. Experimental results and discussion 

The Pr J (Fei_ I Co J[ )j4B samples were prepared by arc melting under 
purified argon gas from starting materials with a purity of at least 99.9%. 
All samples were vacuum annealed for three weeks at about 900 °C. After 
this treatment the samples were found to be approximately single phase, 
remnants of the impurity phases being of the order of a few per cent. The 
composition dependence of the lattice constant is shown in Fig. 1. 



Fig. 1. Concentration dependence of the lattice constants in Prj(Fe,_ x Co*V«B and 
Nd 2 (Fe, _ x Co x ) i4 B compounds. 


The high field magnetization measurements with B up to 35 T were 
performed at 4.2 K in the high field magnet at the University of Amsterdam 
[7], For all measurements we used powdered samples after aligning the 
powder particles in a magnetic field and fixing their direction with epoxy 
resin. High field isotherms were recorded with the external field either 
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parallel (ci) or perpendicular (o A ) to the alignment field. In Fig. 2 some 
examples of measured magnetization curves are shown. Values for the satura¬ 
tion magnetization o a were derived from the high field part of the o(B) 
curves by extrapolating to B - 0. The concentration dependence of a, for 
Pn(Fe, _ x Co,),«B at 4.2 K is shown in Fig. 3. 

It can be seen in Fig. 2, that for the compounds with the higher iron 
contents, the high field magnetization curves, measured with the magnetic 
field applied perpendicular to the alignment direction, display a "jump” in 
the magnetization at a transition field which depends on the composition. 
This phenomenon can be understood in terms of a first-order magnetization 
process (FOMP), which has been observed for Nd 2 Fe 14 B by Pareti ef at [8] 
and for the (Nd, Pr) 2 Fei*B system by Huang et al. [9]. The existence of this 
FOMP shows that the sixth-order anisotropy constant K 3 cannot be 
neglected in the expression of the uniaxial magnetocrystalline anisotropy fo ? 
these compounds. We have calculated the magnetization curves using an 
anisotropy-energy expression including K 3 , but neglecting the in-plane 
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anisotropy. From the observation (in Fig. 2) that the perpendicular mag¬ 
netization curves have a large intercept with the magnetization axis we can 
conclude that there is a substantial misalignment of the grains in the samples. 
This misalignment has been taken into account in the calculation of the 
magnetization curves. A gaussian distribution of the c axes of the grains 
around tb“ alignment direction has been assumed. The neglect of the 
in-plane anisotropy is in disagreement with the observed different magnetiza¬ 
tion curves for Nd 2 Fe,.«B in the [100] and [110] directions [10]. However, 
incorporation of the in-plane anisotropy in the calculations would lead to 
too many fitting parameters. For this reason the values of the anisotropy 
constants, as found in the performed analysis, must be considered as cor¬ 
responding to values averaged over the basal plane. It can be seen from 
Fig. 4 that there is satisfactory agreement between the calculations and the 
experimental data. In Fig. 5 the composition dependence of the anisotropy 
constants at 4.2 K as obtained from this analysis are shown. 

The Curie temperatures of the various compounds were determined 
by measuring the temperature dependence of the magnetization a above 
room temperature by means of the Faraday method. The values of T e were 
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obtained by plotting a 1 v*. T and extrapolating to o* -* 0. Results are shown 
in Fig. 6. The concentration dependence of the anisotropy field B A at room 
temperature was determined in a pulsed field system using the singular point 
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detection (SPD) technique [11], This method leads to a singularity at B- 
B a in experimental curves of d J Af/dt J vs. B (M is the magnetization) if the 
c axis is the easy magnetization direction. Such a situation is expected for 
the system P^Fe, _ x Co,)iJ3. The concentration dependence of B A at room 
temperature is shown in Fig. 7. B A decreases from more than 7 T for x ■ 0 to 
about 5 T for x = 0.7. At higher x values B A is seen to increase strongly. 

We have included in Fig. 7 the B A (x) values derived from the data 
published earlier for Nd 2 (Fe! - x Co x ) 14 B [6]. It is obvious that the concentra¬ 
tion dependence of B A for the iron-rich compounds is almost similar in both 
cases. However, a discrepancy between the two B A (x) curves is manifest for 
the compounds of relatively high cobalt concentration. Nevertheless the 
trend is evidently the same in both cases. The decrease in B A (x) observed for 
small x values is followed by an increase in B A (x) for high x values, the main 
difference being the location of the minimum of S A (x). 

This minimum in the concentration dependence of the anisotropy field 
seems difficult to explain. It follows from the results of many previous 
investigations that the magnetocrystalline anisotropy in these materials is 
mainly determined by the single-ion crystal-field anisotropy of the rare earth 
component [12). The minimum of B A would then be indicative of a 
pronounced concentration-dependent change in one (or more) of the crystal- 
field parameters that determine the anisotropy. When attempting to relate 
the B A (x) behaviour to the corresponding changes in crystallographic prop¬ 
erties it is well to recall that the increase of B A in Nd 2 (Fe, - x Co x ) I4 B for 
x > 0.9 is accompanied by a strong reduction in the spin reorientation tem¬ 
perature (by about a factor of two) [6]. This suggests that it is primarily the 
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increase of K, which causes B A (x) to increase in this concentration range 
(a shift of K, towards more positive values lowers the temperature at which 
K , passes through zero and hence lowers the spin reorientation temperature). 
Thus, if we take it for granted that the increase in B A (x) for high cobalt con¬ 
centrations at room temperature originates from an increase of the corre¬ 
sponding values of Jf, we may restrict ourselves to considering only the 
second-order crystal-field parameters, since K t « 3Bl — Bj. In a point charge 
approximation the decrease in the lattice parameters with x shown in Fig. 1 
is expected to lead to a general increase in both parameters. However, since 
Bj also depends on the c/a ratio, this quantity will benefit from the general 
increase mainly at the beginning of the series, where the c/a ratio is approxi¬ 
mately constant. For low x values one expects, therefore, K, to increase with 
x while for higher cobalt concentrations one expects to increase only 
moderately or even to decrease with x. Such a concentration dependence is 
precisely the opposite of that observed for B A in Nd 2 (Fe,_ x Co x ) 14 B and 
Pr 2 (Fet- x C-o x )i4B (Fig. 7). It seems therefore that explanations of the con¬ 
centration dependence of the anisotropy in R^Fe, _ x Co x ) 14 B based on point 
charge considerations are unsatisfactory. Recently, it was shown by means 
of Mossbauer spectroscopy that the occupation of the 3d sites in the above 
materials by cobalt and iron is not a random occupation but that several 
of these sites are occupied preferentially by cobalt (iron) [13]. This, of 
course, may lead to a rather unusual concentration dependence of B A . 
To exclude such short-range ordering effects we will concentrate on the pure 
binary compounds (x - 0 and x - 1). Then one finds that B A in Nd 2 Co 14 B is 
lower in its iron counterpart while the praseodymium compounds show the 
opposite behaviour (see Fig. 7). This still remains unexpected on the basis of 
point charge considerations. 


3. Concluding remarks 

It follows from the results shown in the preceding section that substitu¬ 
tion of cobalt for iron in Pr 2 Fe,«B leads to gradual changes of the crystal¬ 
lographic and magnetic properties, the most prominent feature being the 
minimum in the concentration dependence of the anisotropy field. The 
occurrence of a minimum in the concentration dependence of B A in 
Pr 2 (Fe,_ x Co x ) I4 B is paralleled by the occurrence of a similar minimum in 
the B a (x) curve of Nd 2 (Fei - x Co x ) 14 B, but we are unable to trace the origin 
of this behaviour. 

In the concentration range of practical interest (0 < x < 0.2) cobalt 
substitution in R 2 Fe I4 B leads to a fairly strong enhancement of the Curie 
temperature. While this might have a beneficial influence on the tempera¬ 
ture coefficient of the magnetization, it is unfortunately accompanied by a 
small decrease of the anisotropy, which might lower the coercive force 
attainable in these materials. 
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In a previous study we addressed the problem of the origin of the 
coercive force in permanent magnets based on Nd-Fe-B. We showed that 
simple nucleation-controlled or pinning-controlled models are inadequate in 
explaining the temperature dependence of the coercive force over the whole 
temperature range considered [1], The same problem was addressed recently 
by Durst and Kronmuller [2] who compared the temperature dependence of 
the coercive force (j H c ) with the temperature dependence of the anisotropy 
constant K,, experimental values for K l (and K 2 ) being obtained on a 
sintered magnet body by means of the Sucksmith-Thompson method. From 
the linear relationship between , H c and 2KJJ, (J, is the saturation induc¬ 
tion) observed in the range from about 280 K to 370 K, the conclusion 
reached by these authors was the applicability of a nucleation-controlled 
coercivity mechanism, changing to a pinning-controlled mechanism for tem¬ 
peratures in excess of 370 K [3]. 

Since the temperature range in which the linear relationship between 
jH c and 2KJJ, (or between ,H C and the anisotropy field H K ) was observed 
to be valid is somewhat restricted, we have extended our measurements to 
lower temperatures. Apart from thg Nd-Fe-B magnet studied previously 
we have included a magnet based on (Nd, Dy)-Fe-B in the present study. 

The (Nd, Dy)-Fe-B magnet body was prepared as follows. Firstly, the 
constituent elements were melted together, the approximate formula com¬ 
position being Nd^.jDy^Fe^Bj. Subsequently, fine powder particles were 
obtained by milling under freon. The particles were aligned in a magnetic 
field and compacted in a die. Liquid-phase sintering was performed in a 
protective atmosphere for 1 h at 1050 °C. A post-sintering treatment con¬ 
sisted of heating for 1 h at 630 °C. After magnetizing, the following charac¬ 
teristic room temperature values were obtained: coercive force j H c = 1312 
kA m' 1 = 1.64 T), remanence B, = 1.04 T. 
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The values of the Nd-Fe-B magnet without dysprosium addition, 
studied previously, were jH c = 593 kA m~', B, = 1.24 T. The coercive forces 
and the anisotropy fields H A were measured in a pulsed field system from 
77 K up to the Curie temperature. We used the singular point detection 
(SPD) technique [4] to obtain the latter values. Results for the two magnets 
studied are shown in Fig. 1. Here we recall that the SPD method leads to a 
singularity at H * H A in experimental curves of d^M/dt 2 vs. H (M is the mag¬ 
netization) if the c axis is the easy magnetization direction. However, it is 
well known that a spin reorientation from an easy c axis to an easy cone was 
found to occur in Nd 2 Fe 14 B near T, = 135 K (&]. If the anisotropy energy 
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can be written as E, = K,sin J 0 + fC 2 sin 4 0, a necessary condition for such a 
spin reorientation implies a change in sign of K , from positive to negative. 
Consequently there exists a temperature range above T, where K , becomes 
small and where higher-order anisotropy constants determine the shape of 
the anisotropy energy surface. Such a situation is found in Nd 2 Fe 14 B below 
200 K [2, 6, 7]. The change in relative magnitude of the anisotropy 
constants leads to the occurrence of additional relative minima in E,. The 
magnetization vector can no longer rotate smoothly in this temperature 
range and jumps in M(H) can appear. This phenomenon is commonly 
referred to as a first-order magnetization process (FOMP). A theoretical 
description of it was given by Asti and Bolzoni [7], A closer analysis of the 
SPD data obtained by us for the Nd-Fe-B magnet (see bottom part of Fig. 
1) made it clear that the cusps in the dAf J /df 2 curves of this material no 
longer reflect the value of H A below about 250 K, but rather reflect the 
values of the critical field H a associated with the FOMP transition. For the 
magnet material based on (Nd, Dy)-Fe-B we were able to measure simulta¬ 
neously the values of H a and H A in a limited temperature range below about 
200 K (see top part of Fig. 1). 

In order to be able to analyse both the data of (Nd, Dy)-Fe-B and Nd- 
Fe-B over an extended temperature range it is necessary to first discuss the 
temperature dependence of H A in the latter material below 250 K. It was 
mentioned above that the data points obtained by the SPD methods in this 
temperature range reflect the temperature dependence of H„ rather than of 
H a . This interpretation of the SPD data agrees with the data obtained on a 
Nd 2 Fe I4 B single crystal by Cadogan et al. [81. These authors measured the 
field dependence of the magnetization in the [100] direction and found a 
jump in the M vs. H curve which at 4.2 K occurs at a critical field of about 
16 T. Extrapolation of the lower branch of our SPD curve leads to the same 
value at 4.2 K. Therefore, to obtain an estimate of H K in the lower temper¬ 
ature region we have to use the higher branch of the SPD curve obtained by 
extrapolation of the curve found above T «■ 260 K to lower temperatures 
(broken line in the bottom part of Fig. 1). The temperature dependence of 
H a for Nd-Fe-B represented by the broken line is consistent with H A values 
obtained by static measurements reported in the literature. The broken line 
extrapolates to within 5% from the value H A « 30.5 T at 4.2 K reported by 
Sinnema et al. [9] while the value of H A at 190 K is also within 5% of the 
the value ff A « 13 T reported by Pareti et al. [10]. For both types of 
magnets we are now able to compare (T) with H A (T) in a tempera* *e 
range extending over more than 400 K. 

Plots of vs. H a (T) for both magnet materials are given in Fig. 2. 

In both materials these plots can be characterized by extended regions where 
the relationship between both quantities is linear: 

j tf c =stf A + tf.„ (1) 

Here H tU represents the intercept with the horizontal axis and s the slope of 
the linear part of the curve. The field H,„ can be regarded as an effective 



3 ? 






demagnetizing field which depends on the magnetization and which 
decreases with increasing temperature. This implies that the linear region 
extends to much higher temperatures when j H e vs. sH A + H, a is plotted and 
H,„ is taken to be proportional to the magnetization. The results described 
above are reminiscent of an approach for describing the temperature of t H e 
proposed by Durst and KronmUlIer [2, 3]. They considered the existence of 
magnetically less hard regions within the Nd 2 Fe 14 B grains or at the grain 
boundaries which might serve as nucleation centres for reversed domains. 
These imperfect regions are taken largely to determine the coercive field, 
which in turn is determined by the nucleation field H n . The results presented 
in Fig. 2 are somewhat surprising since they show that a perfectly linear 
behaviour extends for both types of materials to temperatures appreciably 
below room temperature. In fact, the linear behaviour between coercive 
force and anisotropy field seems to be valid even at 4.2 K. When using the 
relation p 0J H e “ 0.23 Poff A — 4.1 derived for Nd-Fe-B from the plot 
shown in Fig. 2, in conjunction with the value p„// A « 30.6 T found by 
Sinnema et al. [9] at 4.2 K, one finds p 0 t H c = 6.1 T. This value is in satis¬ 
factory agreement with (i 04 H c = 5.9 T reported by Kuntze et al. [11] for the 
same temperature. 

In conclusion, experimental results obtained from measurements of the 
temperature dependence of the anisotropy field and the coercivity together 
with experimental results reported in the literature for Nd-Fe-B base 
magnets show that the coercivity depends linearly on the anisotropy field in 






a very broad temperature range. The latter range seems to extend from 
temperatures well above room temperature to 4.2 K, meaning that the 
linear relationship between these two experimental quantities is not 
affected by spin reorientation phenomena occurring below about 130 K. 
Our data speak in favour of a coercivity mechanism in which the coercive 
force depends linearly on the measured value of the anisotropy field, and 
in which the individual contributions of the anisotropy constants K t , K 2 
and K 3 , which may have temperature dependences of opposing signs, 
become less directly apparent. 
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MAGNETIC ANISOTROPY IN THE SYSTEM La 2 Fe 14 _ x Co x B AND 
ITS RELATION TO THE SYSTEM Nd 2 Fe 14 _ x Co x B 

R. GROSSINGER and H. KIRCHMAYR 

Institute for Experimental Physics, University of Technology. Vienna (Austria) 

K. H. J. BUSCHOW 

Philips Research Laboratories, 56001A Eindhoven (The Netherlands) 

(Received June 22,1987) 


We have studied the system La 2 Fe 14 _ x Co x B by means of X-ray diffrac¬ 
tion, magnetic measurements and singular point detection (SPD) measure¬ 
ments. We present experimental data on the concentration dependence of 
the lattice constants, Curie temperatures, saturation magnetization and anis¬ 
otropy fields. Attention is mainly given to the determination of anisotropy 
fields, which were also studied as a function of temperature in the range 
from 4.2 K to the corresponding Curie temperatures. The experimental 
information obtained for the system La 2 Fe I4 _ x Co x B was used to distinguish 
the relative anisotropy contributions of the neodymium sublattice and 3d 
sublattice in Nd 2 Fe 14 _ x Co x B. 


In a previous investigation (1] we studied the magnetic properties of 
the system Nd 2 Fe 14 _ x Co x B and showed that compounds with low cobalt 
concentration give rise to only one spin reorientation below T c , whereas 
compounds with high cobalt concentration exhibit two spin reorientations 
below T c . The additional spin reorientation in the latter compounds occurs 
at fairly high temperatures and originates from the difference in sign and 
the difference in temperature dependence between the contributions of the 
neodymium sublattice anisotropy and the 3d sublattice anisotropy. In this 
investigation we also addressed the question of how far substitution of 
cobalt for iron in Nd 2 Fe 14 B influences the anisotropy field and its temper¬ 
ature dependence in concentration ranges and temperature ranges of interest 
for permanent magnet applications of these materials. We showed that cobalt 
substitution generally lowers the room temperature anisotropy field, without 
offering a satisfactory explanation for this effect. 

In the present investigation we have focused our attention on the mag¬ 
netic properties of the system La 2 Fe I4 - x Co x B. Since lanthanum is non- 

0022-5088/88/33.60 © Elsevier Sequoie/Printed in The Netherlend. 
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which is responsible for the change in the rare earth anisotropy in 

















































































































































































































1988 


JOURNAL DE PHYSIQUE 

Colloque C8, Supplement au n° 12, Tome 49,« 


THE EFFECT OF SUBSTITUTION IN Nd 2 Fe 14 _ a .Z x B (Z = Al, Si, Ga, Co, Ni) 
COMPOUNDS 

R. Grossinger ( l ), X. C. Chou ( l ), R. Krewenka ('), G. Wiesinger (*), R. Eibler (*), X. K. Sun (*) 
and Y. C. Chuang C) 

('-) Irut. F. Bxperimentalphyeih, Tech n. I/me. Vienna, Austria 
( J ) /net. of Metal Research, Academia Smica, Shenyang, China 

Abstract. - Almost every element I bstituting Fe in Nd,Fei,B lowers the magnetocrystallined anisotropy. The effect on 
the ordering temperature T< is different: in particular Al and Ni reduce T c , whereas Si, Ga and Co increase T«. Mdssbauer 
experiments show that the Fe atoms are substituted in a non random manner. This is supported by the different magnetic 
properties due to the various substituents. 


Since the discovery of NdjFeuB in 1983 by Sagawa 
el al. (1], great efforts have been undertaken in order 
to understand the physical origin of its high coerdvity 
[2], but also to further improve the properties of mag- 


for efficient operation of Nd-Fe-B magnets. Therefore 
attempts to improve the temperature behaviour have 
been made by substituting various elements. Co and 


with small amounts of Al exhibit a remar k a bl e higher 
coerdvity field iHc (9] compared to the pure ternary 


ing small amounts of Ga [10]. In order to clarify the 
role of the different substituents, we systematically in¬ 
vestigated samples of the composition NdjFei«_.Z.B 
(Z = Al, Si, Ga, Co, Ni) in the present work. 


Experimental procedure 

The samples were prepared from 99.9 % pure start¬ 
ing materials under purified argon gas in an arc fur¬ 
nace. Subsequently they were annealed for three 
weeks at 900 °C under vacuum. The spin reorienta¬ 
tion temperature T„ was deduced from the temper¬ 
ature dependence of the initial susceptibility X: ( T). 
The anisotropy field was determined by applying the 
SPD-method (Singular Point Detection) in a pulsed 
field system [11]. The s7 Fe Mdssbauer spectra were 
recorded at room temperature. 


In the systems R 2 Fen-«Ga,B (R = Nd, Pr, Gd, Y) 
the magnetic ordering temperature Tc increases along 
with x(x < 1) up to about 30 K. A similar behaviour 
is found for Si substitution which is remarkable, since 


Ga and Si are nonmagnetic substituents. In the case 
of Si this finding was explained by a preferential sub¬ 
stitution of Fe by Si [12]. 

NdjFeuB exhibits a spin reorientation at about 
135 K [13]. This fact is generally explained by com¬ 
peting terms of the Nd-sublattice crystal field. The 
substitution of Fe commonly causes a reduction of T„ 
up to 30 K as shown in table L 
Table I- - Spin reorientation temperature T„ 
and anisotropy field pa Bn at room temperature 
(22 ± 0.5 *C) of NdjFeuZB. 

elements Z: Fe Co Ni Si Al Ga 

T„(K) 135 133.5 115.5 112.5 105.5 110.5 

pofl*(T) 6.99 6.88 7.04 7.33 6.32 7.2 


NDirEIJSIB T-235I 



Fig. 1. - Mdssbauer spectrum of NdjFeuSiB recorded at 
room temperature-, (x X X X xx) - experimental points, 
(-) computer fit. 








A1 causes a drop in Ha, whereas Si and Ga lead to an 
increase. The rise in iHc which for Al and Ga sub¬ 
stituted magnets is more than 50 % compared to pure 
Nd-Fe-B cannot be explained by such small changes 
of the anisotropy. It is therefore supposed to be of 
metallurgical origin (pinning effects). 

In order to clarify the role of the different sub¬ 
stituents, systematic <r Fe Mossbauer studies were car¬ 
ried out. In figure 1 NdjFeisSiB is shown as a typical 
spectrum. The bars on the top of the spectrum indi¬ 
cate the line positions. The two uppermost represent 
an impurity ferromagnetic phase (presumably binary 
Fe-Si) and a nonmagnetic one (Ndi.iFfctBc). The bi¬ 
nary precipitations are larger for Z = Ga (6 % ) and 
Ni (8 % ), for the remainder they occur to an amount 
less than 4 %. The Nd-ricfa phase remains below 3 %. 
In table II the results of a least square analysis of the 
spectra are summarised. 


Compound ki 
NdjFenB 1 
NdjFeuCoB 1.05 
NdaFeuNiB 0.85 
NdaFenSiB 0.9 
Nd,Fe,aAlB 1.1 
NdaFeuGaB 1.1 


it j» BM T) 
.5 0.5 30 

.5 0.55 29.4 

.55 0.55 27.9 
.65 0.65 24.3 
.55 0.45 24.8 
.75 0.55 26.4 


Considering the analysis of the Mossbauer pattern 
with respect to a deviation from a random Fe substi¬ 
tution, attention is focused to those subepectra arising 
from the lattice sites with the largest occupation num¬ 
bers, i.e. ki, ka, ki, ji, ja- As can be seen from table II 
for the k and j sites a strong preference in either direc¬ 
tion can be found; in any case the ki site is preferently 
occupied by Fe, the ka site by the substituent. As a 
whole the k sites are prefered by the substituent; in 
the case of Z = Ni, Si a preference of Fe for the j-sites 
is found. A distinct difference between the j-sites is 
obtained for Z = Al and Ga (Fe prefers the ji site, Z 
the ja site). 

In the case of Co substitution a deviation from ran¬ 
dom occupation has already been found by neutron 
diffraction experiments of Herbst and Yelon (14), their 
results agreeing sufficiently well with the present one. 
Further evidence in this direction has been given by 
van Noort and Buschow [15]. 

The above discussion shows that just a preferen- 


the enhancement of the anisotropy field: a preference 
of the substituent for the k sites and a preference of Fe 
for the j sites favours larger Ha values. 

Carefull lattice parameter determination and further 
theoretical calculations [16] would be most helpful in 
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A NEW ANALYSIS OF Nd-Fe-B BASED PERMANENT MAGNETS 

R. Grossinger ( l ), R. Krewenka ( l ), H, Buchner ( l ) and H. Harada ( 2 ) 

(') hut /. Bxperimentalphpsik, Ttckn. Univ. Vienna, A-1040 Wiedncr Hauptst. 8 Vienna, Austria 
( 2 ) Hitachi Metals Ltd., Japan 

Aba tract. - A large number of sintered Nd-Fe-B based magnets with three diBerent heat treatments and also substituted 
samples (Nd by Dy, Fe by Co or both) were investigated by manuring the temperature dependence of both coercivity and 
anisotropy field. Additionally the ratio between Nd and (Fe, B) was varied systematically. These data were analysed using 
a nudeation model description. The reliability of this model was proved by comparing the analysis with that performed 
on a SmjCotr based magnet. 


Introduction 

The main problem in the field of permanent magnets 
is the development of a generally applicable coercivity 
model. Up to now exist two important models [1]: 

i) nudeation. Walls whenever present move easily; 

ii) pinning at distortions (which can be impurities in 
the grains or the grain boundaries or precipitates). 
The coercivity i 


and a theoretical temperature dependence can show 
the validity of a certain model. 

For Nd-Fe-B based sintered magnets a nudeation 

could be described by the following simple formula [2]: 
iffo= c.ff„ - n.M, 

Ha is the nudeation field (If the second order 
anisotropy constant is negligible Ha can be replaced 
by the anisotropy field Ha), -nM. is the demagne¬ 
tising fidd due to the neighbouring grains. In the 
present work the validity as well as the limitations of 
this model should be tested. 


[6]) was measured between 100 K 
and the Curie temperature. The anisotropy field was 
measured in order to get an estimate for the nudeation 
field Ha- 


In two previous papers the influence of heat treat¬ 
ment but also the effect of a Dy and a Co substitution 
on the temperature dependence of both coercivity and 
anisotropy fidd of highly substituted, sintered Nd-Fe- 
B magnets, was described {3,4). The samples used for 
this study had the following composition'. 

Nd (Feo.jjBo.os) t5 

(Nd,_.Dy.) (Feo.saBo.os), , x = 0.1, 0.2, 0.3 
Nd(Feo.92-«Co,B 0 .oe), , * = 0.046, 0.092, 0.184 
(Ndo.aDy oa ) (Feo m-.Co.Boos) * = 0.092, 0.184. 
Each sample existed in the sintered state, but also in 
two stages of heat treatment [3). 

Additionally a set of sintered magnets of the com¬ 
position: 

Nd (Feo.ojBo.oa), * = 4.4, 4.5, 5.0, 5.5, 6.2 
was studied. The parameter causes an increase of 
the distance between the grains as was shown by elec¬ 
tron microscopy (5]. From all samples the temperature 
dependence of the hysteresis loop (from which Af, (T) 
and i He (T) can be deduced) and also Ha (T) (using 


that I He (T) can be fitted using a general formula of 
the type: 

l»C<T)-(..i A (T))*< 1 +* r >-Ar.JV.(T). 

The idea here was to get information about the dif¬ 
ferent coercivity mechanism by fitting especially the 
power factor “If . The coupling constant V is ap¬ 
proximately 0.25. In the Dy and Dy, Co substituted 
samples k is dose to one. The only Co substituted 
sample gave a k value of 1.25. The temperature de¬ 
pendence of k was found to be negligible. The de¬ 
magnetising factor is between 0.7 and 0.9. The heat 
treatment influences the demagnetizing factor N but 
not k. 

The demagnetizing field acting between the grains 
should be sensitive to a variation of the distance be¬ 
tween the grains. In order to verify this we investigated 
the second set of sintered magnets with a continuous 
variation of “V . 

Figure 1 shows Ha (T) and figure 2 shows ,H C (T) 
of these samples. 

The temperature dependence of Ha was found to be 
nearly independent from V , which is a consequence 
of the small homogeneity range of the NdjFei.B com¬ 
pound. The temperature dependence of the coerciv¬ 
ity field was again analysed using the above developed 
model. The formula contains four free variables: c, k, 
o (o is the temperature coefficient of Jfc) and N. k deter¬ 
mines the coercivity mechanism. Holding one of these 
parameters constant and fitting the others showed that 
they depend strongly on each other. The most reliable 
results using this procedure were obtained with the 
following set of parameters: 

c = 0.209 - 0.26; k~l- 1.2; 

AT = 0.5-0.74; i~lx HT*. 

Up to now no correlation between the fitted parame¬ 
ters and the variabel could be found. A SmjCoir 
based magnet was analysed with the same model in 
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Improvement of Nd-Fe-B Magnets 


R.Grossinger 

Inst. f. Experimentalphysik; Techn. Univ. Vienna; Austria 


U Introduction 

The quality of modern permanent magnet materials are 
characterised by: 

a) High energy products (BH) This is a value which 

determines the achievable miniaturisation of magnetic 
components. 

b) Coercivity field j H c is important for the stability 

of the magnetized state; especially in dynamic 

applications. 

c) Curie temperature T fl . T g determines the temperature range 
where the magnet can be used. 

Nearly all these requirements were achieved by the 
development of magnets based on rare-earth - 3d compounds. 
All these compounds have a uniaxial crystal structure 
(hexagonal, tetragonal). The 3d-elements (Co or Fe) ensure a 
high ordering temperature; the rare earth elements cause a 
high (uniaxial) anisotropy (of Single Ion type). A uniaxial 
anisotropy is necessary for the formation of a reasonable 
coercivity. It is clear that additionally the "right" 
microstructure is important for a high coercivity also. This 
is the general concept of rare-earth-3d permanent magnets. 
Table I summarises the magnet parameters (typical values at 
room temperature) of the three magnet families in use. 


Material T fl (K) M g (kG) H A (kOe) 


x H c (kOe) (BH) max (MGOe) 


SmCo 5 1020 

Sm 2 C° l7 1195 
Nd 2 Fe i4 B S80 


11.2 300 

12.8 65 

16 75 


20 25 

12 30 

10 40 


M g ...saturation magnetization; H ...anisotropy field. 


It is evident that the Sm-Co magnets have according to its 
high ordering temperature an excellent thermal stability. 
However the high costs of the raw materials are prohibitive 
against industrial large scale applications of these 
magnets. 

With the invention of the new Nd-Fe-B magnets it was 
possible to produce a Co-free, cheaper, high quality 
permanent magnet (1,2). The room temperature data are 
excellent but the rather low Curie temperature causes a with 
increasing temperature fast decreasing H (3). For many 
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optimal working point has to be taken into account. The 
^H^T) behaviour is only a rough approximation. Additional 
the irreversibel losses which can occure in such a magnet 
are of importance if the magnet should be operated fur 
longer time at elevated temperatures. 

Therefore the work was focused on the search for 
improvements of the high temperature properties of high 
quality permanent magnets. 


Nd-Fe-B magnets are based on Nd^Fe^B. This is a 
tetragonal compound (space group mnm) with an ordering 


temperature of T fl - 500K and an easy c-axis between 13SK and 
T £ (for deteails see e.g.4,5). At low temperatures an easy 
cone is formed. There exist the following possibilities to 
improve the high temperature properties: 


When Fe is partly substituted by other metallic elements 
the ordering temperature T c can in- or decrease as is 
according to (6) shown in Fig. 1. Ni and Si and also Ga 
increase T^ slightly, but not A1. Mn and Cr might introduce 
an antiferromagnetic component. The most effective element 
is here Co. Therefore the mixed crystal system Nd^lFe.CoJ^B 
was studied intensively (7,8], The magnetic phase diagram of 
this system is given in Fig.2. The Co suDlattice preferes an 
easy plane. This causes on the Co-rich side a second spin 
reorientation above room temperature from the c-axis to the 
plane. From the phase diagram it can be seen that e.g. a 
compound Nd a (Fe o a Co 0 2 ^n B has a reasonable high T^ of more 
than 700 K. However producing a sintered Co substituted 
magnet H decreases due to the Co substitution (see e.g. 
(9)). The reason is not a reduction of the anisotropy field 
which is nearly constant on the Fe-rich side (7). A 
comparison with the behaviour of rapidly quenched 
Nd-(Fe,Co)-8, where f H c stays constant with small amounts of 
Co substitutions (10), shows, that the Co changes the 
microstructure (intermediate phase) in the sintered magnets 
unfavourable, thus reducing H . 

ionally becomes the temperature dependenc 


'll 


Addit: 


:e of 










(d x H c /dT) worse with the Co substitution (9). A similar 
behaviour was observed in the temperature characteristic of 
the anisotropy field (dH^/dT) (7). 

As mentioned above small amounts of elements like Si or Ga 
cause a slight increase of T c (11). It is believed that this 
is a consequence of a preferential substitutions of some Fe 
sites (12). However Si substituted sintered magnets showed a 
strong decrease of H c (13). Ga substituted sintered magnets 
gave a large increase of H. (11). This behaviuor cannot be 
explained by the magnetic anisotropy; it must be an effect 
of the microstructure. 

2,2 Substitutions increasing 

These substitutions can be subdivided in elements causing 
an intrinsic increase of the magnetic anisotropy and that 
which enhances H due to a metallurgical effect. To the 
first group belong mainly Tb or Dy. the latter group is 
formed by elements like A1 or Ga. 

2.2.1 Substitutions increasing^ 

The substitution of Dy cause a remarkable increase of H a 
( 9), which is followed by a with the Dy concentration 
enhanced J H < . as is shown in Fig. 3a. In pure Nd-Fe-B as well 
as in Co substituted magnets the coercivity is formed after 
a heat treatment only (9). The idea that the improvement of 
jH c is due to the larger H a values is supported by the fact 
that for highly Dy containing magnets a coercivity is formed 
where the influence of the heat treatment becomes 
negligible. 

Because of the antiparallel coupling between Dy and Fe the 
remanence M decrease with increasing amount of Dy as is 
seen in Fig. 3b. Dy substituted magnets have a high 
coercivity at room temperature (agproximately 20 kOe) and 
can therefore be used also at 150 C but the price for this 
improvement is a reduced energy product ((B.H) is prop, 
to B r */4). 

Some investigators tried now to combine the advantage of the 
Co sunbstitution (increase of T c ) with that of the Dy 
substitution (increase of x H c ). In Fig. 4a the temperature 
dependence of H a of a set of samples of the composition 
Nd x< s 0y t ^Fe^ is shown - Between 200 and 400K 
H a (T) is quiet similar. Only at higher temperatures (T > 







400K) the effect of the increasing amount of Co becomes 
visible. Unfortunately this is not the case for the 
temperature dependence of j H c as shown in Fig 4b. The higher 
Co content is of now influence on H (T)l This means that at 
elevated temperatures the coerclvity reducing effect of Co 
overweights the coerclvity enhancing role of the Dy. The 
temperature dependence of the remanence can be roughly 
described to be proportional to a Brillouin function. This 
means that the increase of T due to the Co substitution 
causes an improved temperature character of M (T). Therefore 
in summary a Dy and Co substituted material (which is more 
expensive) show a better temperature behaviour up to 1S0°C, 
bu<“*the magnet parameters at room temperature are nearly the—!- 
same than that of a pure Nd-Fe-8 magnet (especially with 
respect to This way is therefore also not very 

convincing. 

2.2Nonmagnetic? subst.O-U-t.ipns. 

Nonmagnetic substitutions such as A1 or Ga cause also a 
remarkable increase of j H c . Values of 16 kOe are reached 
with A1 (14) and 20 kOe with Ga (11). According to a simple 
picture the coerclvity ^H c can be described in the following 
manner (IS): 

,H a (T) - c.H n (T) -n.M s (T) 

c...coupling parameter (0<c<1); H ...nucleation field (if 
only the first order anisotropy constant K is imoportant H 
is equal to the anisotropy field H a ); -n.M s ... demagnetizing 
field caused by the neighbouring grains. 

The addition of nonmagnetic elements might increase the 
thickness of an intermediate, nonmagnetic phase between the 
grains, thus decoupling the grains, consequently reducing 
the demagnetizing field causing an increase of 

2-2-3 New coHEDunds 

There are two new copmounds to mention: 

a) R^Fe^C. (fi...rare earth elements). These compounds are 
isostructural with that which are formed with B (16). The 
anisotropy field is remarkyble higher than that of the B 
compounds. Unfortunately T is slightly lexer (AT =* 30K) 
than in the case of the B compounds. Therefore a magnet 
based on this compound will not solve the temperature 
problem. 

b) Magnets based on the Th Mn^ compounds (17). There only 
the Sm containing material is of interest (uniaxial 






anisotropy); however the highest Curie temperature found 
in this group of materials is 200°C which is again too 
low for a high quality permanent magnet. 


3 Summary 


Nd-Fe-B based magnets have good magnet values at room 
temperature. Substitutions increasing at room 
temperature (like Dy,A1,Ge) make a magnet possible which can 
be handled in temperatures up to 120°C. A Co substitution 
which cause a remarkable increase in T cause an improvement 
of the magnet parameters in rapidly quenched material only. 
Up to now no new compounds were found which have magnetic 
properties which can solve the problems - at elevated 
temperatures really. Therefore further research on this 
field is still necessary in order to achieve a high quality 
permanent magnet with a reasonable low price which can be 
handled at IS 1°C also. 


Acknowledgement: This work was partly supported 
European Office of the U.S.Army (Contract 
OAJA-4S-86-C-0010) 


by the 
number 




References: 


1. J.J.Croat, J.F.Herbst, R.W.Lee, F.E.Pinkerton 
J. Appl. Phys. 55 (1984) 2078 

2. M.Sagawa, S.Fujimura, N.Togawa, H.Yamamoto, Y.Matsuura 
J. Appl. Phys. 55 (1984) 2083 

3. R.Grossinger, R.Krewenka, K.S.V.L.Narasimhan, M.Sagawa 
JMMM SI (1985) 160 

4. J.F.Herbst, J.J.Croat, F.E.Pinkerton, W.P.Yelon 
Phys. Rev. B29 (1984) 4176 

5. O.Givord, H.S.Li, J.M.Moreau, R.Perrier de la Bathie, E.du 
E. du Tremolet de Lachaisserie 

Physica 130B (1985) 323 

6. M.Sagawa.S.Hirosawe, H.Yamamoto, S.Fujimura, Y.Matsuura 
Jap. J. of Applied Phys. 26 (1987) 785 

7. R.Grossinger, R.Krewenka, X.K.Sun, R.Eibler, 

H.R.Kirchmayr, K.H.J.Buschow 

J. Less Common Met. 124 (1986) 165 

8. M.Sagawa, S.Fujimura, H.Yamamoto, Y.Matsuura, K.Hlraga 
IEEE Trans on Magn. MAG-20 (1984) 1584 

9. R.Grossinger, H.Harada, A.Keresztes, H.R.Kirchmayr, 

M.Tokunaga 

IEEE Trans, on Magn. MAG-23 (1987) 2117 

10 J.Wecker, L.Schultz 

Proc. of 9th lot. Workshop on rare earth magnets; 

Bad Soden (FRG) (1987) 485 

11 M.Tokunaga, H.Koruge, M.Endoh, H.Harada 
IEEE Trans on Magn. MAG-23 (1987) 

12 R.Grossinger, X.C.Kou, R.Krewenka, G.Wiesinger, R.Eibler, 
X.K.Sun, Y.C.Chuang 

J. de Physique 49 (1988) 599 

13 W.Fernengel (VAC) 
private coomunication 

14 R.Grossinger, A.Keresztes, H.Harada, Z.Shougong 
Proc. of 9th Int. Workshop on rare earth magnets; 

Bad Soden (FRG) (1987) 1/593 

15 G.Herzer, W.Fernengel, E.Adler 
J. Magn. Magn. Mat. 58 (1986) 48 

16 F.R.de Boer, Huang Ying-Kai, Zhang Zhi-Donq, 

O.B.de Moij, K.H.J.Buschow 

JMMM 72 (1988) 167 

17 L.Schultz, J.Wecker 

J. Apllied Phys. 64 (1988) 5711 


ll 





























200 300 400 500 600 * 

TCKJ 






HrCTJ 



TIKI 



New Developments in the Field of Permanent 
Magnetic Materials 

Josef Fidler and Peter Skalicky, Wien*) 



Introduction 

The history of permanent magnetism reaches to 
the ancient Greece, where the ability of the load¬ 
stone to attract iron having been discovered. With 
the development of special alloy steels the mo¬ 
dern history of permanent magnetic materials 
starts with the end of the last century. The intrinsic 
coercivity and the energy density product of such 
magnetic steel materials were rather low compa¬ 
red to recently developed hard magnetic mate¬ 
rials. Table 1 shows the historical development of 
the intrinsic coercivity and the magnetic energy 
density product of hard magnetic materials. In the 
year 1931 Mishima discovered in Japan an alloy 
of 58 wt% Fe, 30 wt% Ni and 12 wt% Al with a 
coercivity of about double that of the best magnet 
steel material (30-40 wt% Co plus W and Cr) which 
was available at that time. Soon it was discovered 
that the addition of cobalt and copper improved 
the property s of the Mishima alloy leading io var¬ 
ious types )f AINiCo magnetic materials. After 


second world war hard magnetic materials based 
on ceramic hexaferrites were developed particu- 
lary in Holland. 

Since the 1960s most of the developments of 
permanent magnetic materials have been done on 
the improvment of the magnetic properties. The 
search for new materials has been shifted from 
shape anisotropy to crystal anisotropy. The new 
hard magnetic materials based on rare earth inter- 
metallic compounds exhibit a considerably higher 


Table 1 


Historical development of coercivity and energy 
density product of hardmagnetic materials 
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coercive force and energy density product than 
the traditional AiNiCo-alloys and hardferrites. In 
the late 1960s the high magnetocrystalline aniso¬ 
tropy, the basis for a good permanent magnet 
material, was discovered in the USA under the 
leadership of K. Strnat (1) in several rare earth 
- cobalt intermetallic compounds. Soon it was 
discovered that the combination of the high mag¬ 
netic moments of iron and/or cobalt with the high 
magnetic moment of heavy rare earths leads to 
high magnetocrystalline anisotropy and retains 
the high magnetic ordering temperature particu¬ 
larly in the system samarium - cobalt. The rare 
earth permanent magnets were discovered in the 
USA, but recent developments in this field have 
come from Japan, especially by the invention of 
rare earth - iron based permanent magnets (2) 
having the best magnetic properties so far 
achieved, in the year 1983. 

The magnetic hardness of permanent magnet ma¬ 
terials depends critically on the microstructure Oi 
the individual magnets. In the light of the historical 
development of the coercivity and the energy den¬ 
sity product of hard magnetic materials the impro¬ 
vement of the energy density product is closely 
connected with a better understanding of the 
mechanisms leading to higher coercive forces of 
the magnets. The coercive force of hard magnetic 
materials is determined either by the nucleation of 
reversed magnetic domains at magnetic fields 
which are lower than the theoretical maximum 



-1000 -800 -600 -400 -ZOO 



Table 2 

Magnetic properties of commercial hardmagnetic 
materials 

(at room temperature) 



value of the anisotropy-field, or by the strong pin¬ 
ning of domain walls at crystal lattice defects and 
precipitates during the magnetization reversal (3). 
Analytical investigations for the characterization 
of the microstructural parameters, such as grain 
size distribution, phase determination, chemical 
homogeneity of the grains, crystal lattice defects 
and precipitates, are necessary for a better know¬ 
ledge of the limiting factors of the coercivity. 

As it has been the tradition for many years, special 
emphasis of our institute has been laid on the 
measurement of the hard magnetic properties and 
on the investigation of the microstructure of newly 
developed hard magnetic materials. Using high 
resolution and analytical electron microscopy to¬ 
gether with X-ray microanalysis and metallogra¬ 
phy the microstructure of various magnetic mate¬ 
rials were characterized. 


1. New hard magnetic materials 

Commercially available permanent magnet mate¬ 
rials may be divided into seven groups. Pig. 1 
shows the demagnetization curves of hardferri¬ 
tes, AINiCo, rare earth permanent magnet mate¬ 
rials and MnAIC magnets. The corresponding 
magnetic properties, such as energy density pro¬ 
duct, remanence, coercive forces and Curie tem¬ 
perature are summarized in Table 2. Magnets ba¬ 
sed on samarium-cobalt intermetallic compounds 
have gained an increased importance for the last 
10 years and are strictly speaking not only limited 
to samarium. Depending on the producer a mix¬ 
ture of one or more rare earth elements with cobalt 
is used for the preparation of the magnets. In the 
following we distinguish two types of rare earth - 
cobalt magnets: the SmCo 1:5 and the SmCo 2:17 
magnets, according as the main phase of the mag¬ 
net exhibits the SmCe„ c: the SmjCo.j-structure. 
Nevertheless, from the point of view of mass pro¬ 
duction the hardferrites and AINiCo-magnets are 
the most important ones. Fig. 2 shows the esti¬ 
mated amount of Hardferrite, AINiCo, REPM (rare 
earth permanent magnets) and other magnet ma¬ 
terials to the western world production (Japan, 
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USA and Europe) in the year 1984. Because of 
high raw material and production costs the cobalt 
based rare earth permanent magnets share only 
less than 20% of the annual total turnover, where¬ 
as the annual growth of this group has been in the 
order of more than 30% for the last few years. 
Through the invention of rare earth - iron based 
magnets which are less expensive from the raw 
material point of view, the annual growth of rare 
earth permanent magnets is expected to be in¬ 
creased worldwide. The production of the inex¬ 
pensive ceramic Hardferrites increases annually 
in the order of 20%, whereas the one of AINiCo 
magnets is slightly decreasing. 

The drastic increase of the energy density product 
of newly developed hard magnetic materials 
(Table 2) enabled the invention of many new ap¬ 
plications of permanent magnets. Permanent 
magnets are primarily used in magneto- and elec¬ 
tromechanical applications and increasingly in 
beam guiding systems. Generally the magnetic 
field strength in the air gap of a magnetic circuit, 
containing a permanent magnet, is proportional to 
the energy density product and to the volume of 
the magnet, according to: 


H —~V i B v^ [.| 

It is evident that the increase of the energy density 
product reduces besides the volume also the 
weight of the permanent magnet containing de¬ 
vice and new designs of dynamic devices (motors, 
generators, etc.) and static devices (charged 
beam guiding systems) are possible. 

2. Microstructure and properties of 
permanent magnets 

2.1 Conventional magnets (Hardferrite 
and AINiCo magnets) 

Besides the barium - and strontium-hardterrite s 
the group of AINiCo magnets have been the most 


dominant commercial permanent magnet mate¬ 
rials for many years (fig. 2). The hexagonal crystal 
structure of the hardferrites imparts a strong mag¬ 
netocrystalline anisotropy. Magnets are made by 
sintering of aligned particles of about 10-100 jun 
in diameter. Metallographic investigations show 
that the shape of the demagnetization curve and 
therefore also the coercivity strongly depends on 
the grain size of the final magnet (4). The coercivity 
is controlled by the nucleation of reversed do¬ 
mains at low anisotropy regions. After the abrupt 
reversal of the magnetization in the individual 
grains after applying of an opposite external mag¬ 
netic field, the further expansion of the reversed 
magnetic domains might be hindered by the pin¬ 
ning of domain walls at the grain boundary region. 
Finally, the coercivity of the individual magnet 
depends on the processing parameters (milling 
and annealing) and is directly correlated to the 
microstructure of the material. 

The AINiCo magnets are hard and brittle and are 
manufactured by casting of a liquid alloy, leading 
to the large grain size up to the order of millime¬ 
ters, or by pressing and sintering metal powders 
leading to small grain sizes. Fig. 3a is an optical 
micrograph showing a large grain size of a cast 
AINiCo 5 magnet. The transmission electron mi¬ 
crograph of this magnet (fig. 3b) shows a duplex 
microstructure of Fe-Co rich a,-phase and a Ni-AI 
rich a 2 -matrix phase. Depending on the type of the 
AINiCo magnet different multi-stage heat treat¬ 
ments, including magnetic field anneals, are ne¬ 
cessary to produce optimum properties. The ef¬ 
fect of adding small amounts of Ti, Nb or Ta is to 
increase the coercivity but to decrease the rema- 
nence (AINiCo 8). Depending on the cooling con¬ 
dition rodlike, coherent precipitates of the 
bcc-crystal structure type are formed parallel to 
the external magnetic field direction during cool¬ 
ing. The cause of the magnetic hardness of AINiCo 
magnets is primarily the shape anisotropy of the 
rod-shaped and strongly magnetic Fe-Co rich 
n,-phase and the difference of the magnetization 
between the two phases. The rods of the a ,-phase 
of the AINiCo 5 magnet of fig. 3b are of the order 
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or other forms. The magnetic properties and the 
microstructure are quite similar to AINiCo 5 mag¬ 
nets. During cooling the alloy decomposes spino- 
dally into the Fe rich arphase and the Cr rich 
a 2 -phase. Similar to the AINiCo magnets the par¬ 
ticle morphology (shape anisotropy) of the strong¬ 
ly magnetic <x,-phase predominatly determines 
the coercivity. The magnetic characteristics have 
been gradually improved by adding various minor¬ 
ity elements such as Mo-Si, Nb, Al, V, T, and Cu 
.8). (9). 

2.2 Rare earth permanent magnets (REPM) 

According to the phase diagrams of rare earth 
intermetallic compounds five compounds (RECo 2 , 
RECOa, RE 2 Co 7 , RE 6 19„and RECo*) appear in the 
composition range 66.7-83.3 at<% Co (10). The 
crystal structures of these phases are closely 
related with each other and are based on a regular 
stacking of two kinds of layers, one is a layer of 
SmCo 2 -laves phase structure and the other is that 
of SmCo e -structure. There exist two groups of 
REPM. the RE-cobalt magnets and the recently 
developed RE-iron magnets. The RE-cobalt mag¬ 
nets can be divided into five types depending on 
wether the magnet has a single-phase or a two- 
phase microstructure. The ideal microstructure of 
the single phase magnets consists of aligned 
single-domain particles with a SmCo 6 - or 
Sm 2 Co,,-crystal structure. Two types of precipita¬ 
tion hardened magnets can be distinguished: the 
one type contains 2:17-precipitates in a 1:5-ma- 
trix, the other type has 1:5-precipitates in a 
2:17-matrix. Besides these magnets there are the 
bonded magnets, in which the single domain par¬ 
ticles are embedded in a non magnetic phase. 
Rare earth-cobalt magnets are produced by a 
powder metallurgical process, whereas rare 
earth-iron magnets can be produced either by a 
powder metallurgical process (11) or derived from 
rapidly solidified melt-spun ribbons (12). The main 
process steps for the production of sintered rare 
earth permanent magnets are shown in fig. 6. The 


PRODUCTION-STEPS 
OF SINTERED REPM 
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Fig. 6 

Main process steps for the production of sintered rare earth 
permanent magnets 

general production steps include alloy prepara¬ 
tion, milling, composition control and adjustment, 
particle alignment and pressing, sintering and 
aging, machining and final magnetizing. Besides 
the parameters which determine the composition 
of the phases within the magnets there are also 
processing parameters, particularly during sinter¬ 
ing and annealing steps such as sintering temper¬ 
ature, cooling rate, aging temperature and time 
(fig. 7). which must carefully be controlled in order 



Schematic sintering and post-sintering heat treatment curves 
of rare earth permanent magnets 


*7 










to achieve maximum magnetic properties. Fig. 7 
shows a typical schematic heat treatment curve 
of SmCo 1:5 SmCo 2:17 and NdFeB magnets. The 
heat treatment sequence to sinter multi-phase 
SmCo 2:17 magnets is more complicated and time 
consuming than the ones for sintering SmCo 1:5 
or NdFeB magnets. The reason for different heat 
treatment sequencies for the different materials is 
due to the formation of different microstructures 
(13). The different types of initial magnetizing be¬ 
haviour of demagnetized single phase SmCo 1:5, 
multi phase SmCo 2:17 and NdFeB magnets and 
the dependence of the coercivity on the magne¬ 
tizing fields is shown in fig. 8. The different behav¬ 
iour of the SmCo 1:5, SmCo 2:17 and NdFeB mag¬ 
nets is caused by different microstructures. 
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For the understanding of the different magnetiza¬ 
tion behaviour of demagnetized SmCo 1:5, SmCo 
2:17 and NdFeB magnets we have used transmis¬ 
sion electron microscopy and X-ray microanalysis 
together with optical metallography to character¬ 
ize crystal defects, precipitates and different 
phases and to study the magnetic domain struc¬ 
ture and their interaction with crystal lattice de¬ 
fects and precipitates. The microstructure of 
single phase SmCo 1:5 magnets consists of 
grains oriented parallel to the alignment direction, 
of precipitates with diameters comparable to the 
grain size and of precipitates with diameters up to 
500 nm (14). Most of the SmCo 5 grain interiors 
show a low defect density and their grain diameter 
exceeds the theoretical single domain size (1:2 
pm) and is in the order of 5-10 Mm. Except isolated 
grain boundary inclusions, partly identified as a 
CaO-phase, our electron microscope investiga¬ 
tion does not show a preferential segregation of 
a second phase at grain boundaries. Besides 
1:5-grains also grains with densly packed, parallel 
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Fig. to 

Energy dispersive X-ray spectra of a hard magnetic grain G. 
ot a sintered SmCo 1:5 magnet 



Fig. 11 

Electron micrograph showing the cellular precipitation 
structure of a sintered SmCo 2:17 magnet. Rhombic cells - 
phase A - are separated by a cell boundary phase B. in high 
coercivty magnets a platelet phase C is found 


stacking faults perpendicular to the hexagonal 
c-axis are observed (fig. 9a). Such basal stacking 
faults correspond to a transformation of the 
1:5-crystal structure into the Sm-rich Sm 2 Co, and 
Sm 6 Co, 9 structure types. Using high resolution 
electron microscopy together with X-ray STEM 
microanalysis the different polytypes and struc¬ 
tural modifications of these Sm-rich phases can 
be distinguished (15), (16). In all of the single 
phase SmCo 1:5 sintered magnets incoherent 
precipitates with diameters up to 0.5 Mm were 
found (fig. 9b). Some of these precipitates show 
only intense Sm-peaks in their X-ray spectra 
(fig. 10). These precipitates were identified as 
Sm 2 0 3 -particles, Occasionally some of the X-ray 
spectra of grains and especially of grain bound¬ 
aries and precipitates an additional Si-peak was 
found. In some of the CaO- and Sm 2 O a -particles 
sulphur could be detected. In single phase SmCo 
1:5 sintered magnets the coercivity is determined 
by the nucleation field of reversed domains which 
is lower than the coercive force of a magnetically 
saturated particle with a single domain structure. 
The nucleation of reversed domains takes place 
in regions with low magneto-crystalline aniso¬ 
tropy. Rare earth-rich precipitates mainly deterio¬ 
rate the coercivity of the final magnet. The reason 
for the formation of these phases is due to the 
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addition of a rare earth-rich sintering aid phase 
before the sintering process. The coercivity can 
be improved by adding small amounts of transition 
metal powders or transition metal oxides. Micro- 
structural investigations on (CeMM,Sm)Co 6 and 
(Pr,Sm)Co 5 sintered magnets showed similar re¬ 
sults as in the case of single phase SmCo 5 sin¬ 
tered magnet8(16),(17). The corresponding X-ray 
spectra of the different phases showed a mixture 
of rare earth elements due to their ratio of the 
nominal composition of the magnet. Our analytical 
electron microscope study shows that the chem¬ 
ical composition, the size distribution and the im¬ 
purity content of the starting powder material are 
important factors for the magnetic properties of 
SmCo 1:5 sintered magnets. 

Copper containing cobalt rare earths with a com¬ 
position of SrrKCo.Fe.Cu.TMU TM = Zr.Ti.Hf 
show a tine scale, cellular microstructure (18), 
(19). Rhombic cells of the type Sm^Co.Fe.TM),, - 
phase A - are separated by a Sm(Co,Cu,TM)5 cell 
boundary phase - phase B (fig. 11). In magnets 
with high coercivities (> 1000 KA/ m) thin platelets 
are found perpendicular to the hexagonal c-axis. 
Our high resolution electron microscope investi¬ 
gations (18) show that the crystal structure of the 
platelet phase C is close to the hexagonal 
Srn 2 Co l7 structure with a c-crystal parameter of 
0.8 nm, which is in agreement with metallurgical 
considerations (20). The development of the cel¬ 
lular precipitation structure of highest coercivity 
magnets is controlled by the growth process and 
the chemical redistribution process and is deter¬ 
mined by the direction of zero deformation strains 
due to the crystal lattice misfit between the diffe¬ 
rent phases (21). Growth occurs primarily during 
the isothermal aging procedure and involves the 
diffusion of samarium. The cellular precipitation 
structure is formed during the isothermal aging 
procedure, whereas the chemical redistribution of 
the transition metals during the step aging proce¬ 


dure increases the coercivity of the final magnet 
(fig. 7). The optical micrographs of fig. 12 show no 
difference in the grain size distribution after sinter¬ 
ing and after the postsintering heat treatment, 
whereas in the corresponding electron micro¬ 
graphs of fig. 13 the formation of the cellular pre¬ 
cipitation structure after the heat treatment is 
shown. Contrary to high coercivity magnets which 
contain large crystallographic twins (fig. 14a) in 
low coercivity magnets (<500 kA/m)a microtwin- 
ning within the cell interior phase A is observed by 
high resolution electron microscopy (fig. 14b). By 
means of Lorentz electron microscopy (fig. 15) we 
have shown that the cellular precipitation struc¬ 
ture acts as attractive pinning centre for magnetic 
domain walls (21). We found that maximum coer¬ 
civities (~2000 kA/m) occurred in magnets with 
cell diameters of about 200 nm. The compositional 
difference between the cell boundary phase B and 
the cell interior phase A determines the coercivity. 
The platelet phase C predominately acts as diffu¬ 
sion path for the transition metals and leads to a 
better chemical redistribution after the isothermal 
aging treatment and therefore to a higher coer¬ 
civity of the magnet. Impurities, primarily such as 
oxygen and carbon, lead to the formation of ma¬ 
croscopic precipitates of the Sm 2 0 3 , ZrC, TiC etc. 


Table 3 

Phases in sintered Nd, 5 Fe 7 7B a magnets 


A Nd,Fe„B loir. a = C.88nm.c = l.22nm 950 

B Nd,,.Fe,B, tetr a = 0.71 nm.c = I4.5nm 1430 

I C Nd-rich l.c.c. a = 0.52 nm 360 

I D Nd-oxides hex a - 0.38 nm, c - 0 60 nm 

E <»-Fe b.c c. a = 0.29 nm 190 


C[0 
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and therefore impede the formation of the platelet 
phase C and finally impede the chemical redistri¬ 
bution process. 

Sintered NdFeB magnets with a nominal compo¬ 
sition Nd 15 Fe 77 B a exhibit the highest energy den¬ 
sity products so far (3). These magnets show mag¬ 
netization curves according to the nucleation of 
reversed domains (fig. 8). As result of our micro- 


structural investigations an identical microstruc¬ 
ture in various magnets, supplied by different pro¬ 
ducers, was observed. The following phases were 
detected by analytical electron microscopic tech¬ 
niques and are summarized in table 3. The optical 
(fig. 16a) and the electron (fig. 16b) micrographs 
show three different types of phases, each with a 
different chemical composition, occurring in sin- 









tered NdFeB magnets. Phase A is always found to 
be free of crystal lattice defects and corresponds 
to the hard magnetic boride Nd 2 Fe M B. In the 
energy dispersive X-ray spectrum of phase A 
(fig. 17a) the FeKB-peak lies between the NdLA- 
and NdLBI-peaks. Phase B is Nd-richer than 
phase A. In the corresponding X-ray spectrum the 
FeKB-peak is smaller than the NdLBI-peak 
(fig. 17b). The ratio of the Fe- to the Nd-concentra- 
tion (in at%) was found to be in the range 3.6 to3.9. 
Our high resolution electron studies revealed a 
crystal lattice periodicity of 0.4 nm, 4.8 nm and 
14.5 nm (22). Both results, obtained by X-ray 
STEM microanalysis and high resolution electron 
microscopy, are in agreement with structural and 
compositional data of the phase Nd, log Fe.B< (23). 
The grain interior of phase B shows a high crystal 
defect density, which explains the large value of 
the microhardneas (see table 3). Phase C is found 
to be a Nd-rich sintering aid phase. The ratio of the 
Nd- to Fe-concentration (in at%) determined by 
X-ray microanalysis is about 6 corresponding to 
about 85 at% Nd. This phase may also occur with 
some content of oxygen and / or boron. Phase C is 
mainly found as isolated inclusions near grain 
boundaries or as layer phase along grain boun¬ 
daries. It should be mentioned that depending on 
the raw material used by the producer various 
impurities such as silicon, chlorine, phosphorus, 
niobium, platinum, tin etc. are found in all of the 
phases listed above. As result of our investiga¬ 
tions of sintered NdFeB magnets, produced by a 
powder metallurgical process, the coercivity is 
primarily determined by the magnetization rever¬ 
sal within the hard magnetic Nd 2 Fe„B grains and 


is limited by the nucieation and expansion field for 
reversed domains. The layer phase, separating 
the hard magnetic grains, contributes also to the 
coercivity. Replacing neodymium by dysprosium 
(Nd:Dy — 10:1) increases the coercivity, but does 
not show any drastic effect on the composition of 
the different phases, whereas generally the grain 
size of such magnets is considerably smaller than 
in magnets without dysprosium. 









3. Conclusions 


Newly developed magnetic materials such as rare 
earth permanent magnets are increasingly used 
in many magneto- and electromechanical and 
electronic applications. One ot the reasons is a 
better understanding of the microstructure of the 
materials which determines besides the process¬ 
ing parameters the magnetic properties of the 
magnets (fig. 18). Effectively the magnetic energy 
density product and the coercivity could be im¬ 
proved drasticly during the last ten years. As re¬ 
sult of analytical investigations it is evident that 
the coercivity is closely related to the individual 
microstructure of th r magnets. In the case of 
shape anisotropy materials (AINiCo, FeCrCo) the 
magnetocrystalline anisotropy is relatively small 
and the coercivity is controlled by shape aniso¬ 
tropy, the volume fraction of the strongly magnetic 
phase and the difference of the magnetization of 
the different phases. In hardferrites, SmCo 1:5 
and NdFeB magnets the high coercive forces are 
primarily obtained by the high magnetocrystalline 
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anisotropies and are limited by the .uicleation and 
expansion of reversed domains. In precipitation 
hardened SmCo 2:17 magnets ihe coercivity is 



Fig. 16 

The magnetic properties of permanent magnet materials are 
primarily determined by processing parameters and by the 
microstructure 


determined by the domain wall pinning at a con¬ 
tinuous precipitation structure during the magne¬ 
tization reversal process. The newly develop¬ 
ed NdFeB permanent magnet materials exhibit 
high remanences, energy density products and 
coercive forces at room temperature (table 2), but 
due to the low Curie temperature the maximum 
operation temperature is limited at present to 
about 120°C. It can be expected that this upper 
limit of the operation temperature can be increas¬ 
ed by a further magnetic hardening in the next few 
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ELECTRON MICROSCOPE STUDY OF PRECIPITATION IN A NIOBIUM- 
CONTAINING (Nd, Dy)-Fe-B SINTERED MAGNET 
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The microstructure of a niobium-containing (Nd, Dy)-Fe-B alloy has been investigated using transmission electron 
microscopy, STEM and SEM X-ray microanalysis and optical microscopy. Magnetic measurements showed an increase in 

coercivity when niobium was added to a (Nd, Dy)^Fe~B magnet. The microstructure was found to be similar to that of a 

ternary Nd-Fe-B magnet but with two additional phases, a Laves Fe 2 Nb compound and a finely dispersed niobium 
containing coherent precipitate found in the magnetically hard phase. Lorentz microscopy indicated domain wall interactions 
with the fine precipitates which may be responsible for the enhanced coercivity of the niobium doped magnet. 


1. Introduction 

High energy product sintered magnets based on 
the composition Fe„Nd I5 B, [1] are well estab¬ 
lished as replacements for SmCo and ferrites. 
Magnets with energy products approaching 40 
MGOe are commercially available and energy 
products of up to 50 MGOe have been achieved in 
the laboratory. The origin of the coercivity in this 
magnet has been the subject of many studies and 
is thought to result from the difftcuhy of nucleat¬ 
ing reverse domains (2). 

The application of these magnets has been 
limited by the low Curie temperature (*300°C) 
of the hard magnetic Fe, 4 Nd 2 B phase. To extend 
the temperature range over which these magnets 
can be used, attempts have been made to increase 
the room temperature coercivity so that reasona¬ 
ble properties are still maintained at elevated tem¬ 
peratures. The addition of Dy to the ternary alloy 
[3] is known to increase the anisotropy field of the 
Fe M Nd 2 B phase and hence the coercivity of the 
magnet. An alternative approach is to introduce 
small precipitates or interfaces into the hard mag¬ 
netic phase to produce domain wall pinning. Our 
measurements have shown that an increase in 
coercivity is produced when Nb is added to a 


Nd, Dy-Fe-B magnet. We have used electron 
microscopy and X-ray microanalysis to identify 
the different phases present and to gain an under¬ 
standing of the coercivity mechanism. 


2. Experimental 


The magnets investigated were fabricated by 
Mullard Magnetic Components and were pre¬ 
pared from 99.5% pure cast material supplied by 
Rare Earth Products. The compositions of the 
alloys were Nd 145 Dy, 5 Fe 760 B 70 Nb 10 and Nd 160 
Dy,,Fe 75l B 78 . The powdered alloy was pressed 
parallel to the alignment direction prior to sinter¬ 
ing at 1080°C and then heat treated for 1 h at 
630°C. Due to the purity level of the cast material 
and the parallel pressing the magnets did not have 
optimum properties. Specimens for electron mi¬ 
croscopy were prepared by electropolishing using 
a 10% perchloric/90% glacial acetic acid electro¬ 
lyte followed by ion thinning using 5keV argon 
ions. They were examined with a JEOL 200CX or 
a Philips EM430 electron microscope both 
equipped with X-ray microanalysis fascilities. 
Scanning electron microscopy was performed on 
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ity. 

In our study of the Nb containing magnet we 
observed four other phases in addition to the main 
Fe 14 Nd 2 B phase. There distribution is shown in 
an optical micrograph, fig. 1. Phase A is the hard 
magnetic phase, most grains of this phase con¬ 
tained small precipitates of 200-500 A diameter 
and a density of 10 JI nuclei/m 3 , fig. 2. X-ray 
microanalysis of these particles, fig. 3, showed 
them to be richer in Nb than the surrounding 
matrix, fig. 4, but the ratio (Fe + Nb)/Nd was the 



Fig. 1, Optical micrograph showing tour phases A, B. C. D in 


size of these particles it was impossible to avoid a 
contribution to the X-ray spectrum from the sur¬ 
rounding matrix. Convergent beam diffraction 
showed a small rotation of the zone pattern as the 
beam was moved through the particles but the 
lattice constants of the particles and matrix were 
very close. The substitution of Nb for Fe at over 
15% of the Fe sites will presumably result in a fall 
in magnetisation. A Lorentz micrograph, fig. 5. 
taken from the hard magnetic phase shows the 
domain walls changing direction as they pass 
through and near the precipitates. These precipi¬ 
tates are therefore acting as domain wall pinning 
sites although it is not possible to say whether 
they contribute significantly to the coercivity of 
the magnet. 

Phase B is the tetragonal Fe 4 B 4 Nd phase which 
is thought to be non-ferromagnetic and is usually 
present, at least in the ternary FeNdB magnet [4J. 
at a volume fraction of 5%. STEM X-ray micro¬ 
analysis of this phase revealed a variation in iron 
content between different grains. It was found 
that the grains with the highest iron content (5-6 
at% Fe/Nd) had a larger lattice constant c 0 = 48 
A and were more heavily faulted. Fig. 6a is a TEM 
micrograph showing a lattice fringe image with a 
48 A spacing corresponding to the (001) lattice 
planes in the B-phase and fig. 6b is its associated 
X-ray spectrum. 




















1 Conclusion 


diffraction pattern ([Oil] zone axis). Fig. 7b shows 
X-ray microanalysis of the FejNb phase. The Nb 
content of this phase can vary from 22-44 at% 
and above 33% Nb this phase is found to be 
non-ferromagnetic [5], The Fe^Nb phase was pre¬ 
sent as small inclusions of 2 pm diameter in the 
hard magnetic phase. It was found to contain 
small amounts of Nd probably occupying the same 
atom sites as the Nb since there exists a Laves 
phase of the type FejNd. Domains have not been 
observed in this phase indicating that it is prob¬ 
ably non-magnetic unlike the smaller Nb contain¬ 
ing precipitates also found in the hard magnetic 


The microstructure of the Nb containing mag¬ 
net was found to be similar to that of a ternary 
FeNdB magnet (2) but with the addition of two 
Nb containing phases which were found inside 
grains of the hard magnetic phase. The larger 
inclusions were identified by electron diffraction 
and X-ray microanalysis as the Laves phase 
Fe 2 Nb. The absence of domain walls within this 
phase suggest that it is probably non-ferromag¬ 
netic but the relatively large size of these inclu¬ 
sions. of the order 2 pm, means they would not 
form sites for domain wall pinning. However, the 
smaller Nb containing precipitates are of a size 
(200-500 A) which could produce domain wall 
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MICROSTRUCTURAL EVIDENCE FOR THE MAGNETIC SURFACE HARDENING 
OF Dy 2 0,-DOPED Nd.jFe^B, MAGNETS 
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Microstructures of (NdDy),jFe„B, prepared by alloying with Dy, and using DyiOj as a sintenng additive, have been deter¬ 
mined using electron microprobe and transmission electron microscopy. A two-step, post-sintering heat treatment has been applied 
to both systems in order to improve the coercivity. The results show that the second-step heat-treatment temperature is lower for 

found close to the grain boundary of the hard 2-14-1 phase. In contrast, Dy was found uniformly substituted in a magnet to which 
Dy was added in the alloying step. It is proposed that a high concentration of Dy at the surface of the (NdDy) I Fe l< B improves 
the coercivity by increasing the required field for domain reversal nudeation at or near the grain boundaries. 


employed to develop the coercivity which is also 
compared for the two systems. 


Magnetic hardness of a permanent magnet results 
from the inherent magnetic crystalline anisotropy of 
the material and the structural changes, in particu¬ 
lar, those occurring at the grain boundaries. The 
coercivity enhancement of Nd| 3 Fe 77 B, by Dy sub¬ 
stitution has been attributed to the higher magnetic 
crystalline anisotropy of the magnetic phase 
(NdDyhFeisB (1], It has also been shown that Dy 
can be introduced by the reaction of Dy 2 O s with 
Nd ls Fe 77 B, powder during the sintering [2], In 
addition, the Dy intensity profile from X-ray spec¬ 
trometer has shown an uneven distribution of Dy 
across several grains in the DyjOj-doped magnets. 
In this study, we have prepared magnets by Dy sub¬ 
stitution in the alloying step, and by Dy 2 0 3 doping 
prior to sintering. The resultant microstructures have 
been compared by scanning transmission electron 
microscopy (STEM) and electron microprobe. 
Finally, a two-step post-sintering heat treatment was 


Table I 

Intrinsic coercivity of Ndu. s Dyi ,Fe 71 B, as a function of post¬ 
sintering heat treatment (all samples were sintered at 1070*C for 


Sample Post-sintering heat 'H, (Oe) 
treatment 
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post-sintering heal treatment (all samples were doped with 4 wt% 
Dy.O,-nd sintered at !070°Cfor I h) 


Sample Post-sintering heat *// c (Oc) 



Powder samples were prepared from a nominal 
Nd| 5 Fe 7 7B,, and an alloy in which 3.5 wt% (approx¬ 
imately 10 atomic %) of Nd was replaced by Dy in 
the alloying step. Both of these powder samples were 
prepared under identical conditions and contained 



typically 0.5 to 0.6 wt% oxygen prior to pressing and 
sintering. 4.0 wt% Dy 2 Oj (3.5 wt% Dy equivalent) 
was hand mixed with the former, and both types of 
magnets were sintered at 1070°C for 1 h and 
annealed in two steps (3). The first step of the 
annealing process consisted of 900°C for 2 h and the 
second step varied between 550 and 680“C for 1 h. 
Samples were rapidly quenched in a cooler part of 
the furnace in between the two steps. After the mag¬ 
netic measurements, the sintered samples were ana¬ 
lyzed for 0 2 by a vacuum fusion technique. Boron, 


Table 3 

Chemical analysis of a Dy-alloyed and a DyjO,-doped Nd,»Fe„B, sintered magnet 


Sample 7/ c ( Oe) Elements (wt%) 


Nd Dy Fe B 


Dy-alloyed ■’ 15000 27.7 3.13 70.0 1.36 0.5 

Dy 2 Oi-doped b> 17500 29.8 3.51 65.2 1.22 1.2 

" Sample 2 from table I. b * Sample l from table 2. 
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doping, respectively, as a function of the second-step 
post-sintering heat treatment described above. Table 
3 compares a chemical analysis for two samples 
selected from tables 1 and 2. The optimum second- 
step post-sintering heal treatment for the Dy 2 0 3 - 
doped magnets is lower by about 50 to 90°C while 
affording a higher intrinsic coercivity (see tables 1 
and 2). As expected, the Dy 2 0 3 -doped sample (table 
3) has a higher oxygen concentration than the Dy- 
alloyed magnet. About 0.5 wt% oxygen is introduced 
in the sample as a result of adding 4 wt% Dy 2 0 3 to 
the magnet powder in these experiments. It is also 
noted that the Dy 2 0 3 -doped sample of table 3 has a 
slightly higher Dy content. This, however, does not 
fully account for the observed difference in the 'H c 
values between the two systems. The control samples 
in the absence of Dy 2 0 3 showed an 'H c increase of 
about 2000 Oe for 1 wt% Dy. The chemical analyses 
of table 3 are accurate within a relative error of ± 3%. 

Remanence, B„ and the energy product, 
were not affected significantly by the added oxide 
concentration. A typical demagnetization curve for 
the heat-treated Dy 2 0 3 -doped Nd IS Fe, 2 B, magnets 
is shown in fig. 1. This indicates a good curve 
squareness and a characteristic energy product, for 
the magnets of this type. 

Dy line scans of the samples shown in figs. 2a and 
2b indicate that Dy is distributed unevenly in the 
Dy 2 0 3 -doped magnet. Consistent with this result, fig. 
2c shows a TEM of a Dy 2 0 3 -doped magnet indicat¬ 
ing a higher Dy concentration near the grain 
boundaries. 

The sintered Nd-Fe-B magnets display a multi¬ 
phase microstructure which consists of the hard 
magnetic 2:14:1 grains, a B-rich and a Nd-rich phase 
[4], Because or its lower melting point, the latter 
phase is preferentially formed along the grain bound¬ 
aries. Compared to the alloyed NdDyFeB magnets, 


a higher Dy concentration is found in the Nd-rich 
phase of the Dy 2 0 3 -doped magnets (see fig. 2). This 
leads to a higher concentration of Dy close to the 
grain boundary region of the hard magnetic 2:14:1 
phase. The domain reversal at the substituted 2:14:1 
sites near the grain boundaries is expected to be more 
difficult to nucleate. The added oxide concentration 
at the grain boundaries, as by-product Nd 2 0 3 [2], 
can account for the lowering of the second-step post¬ 
sintering heat treatment of the Dy 2 0 3 -doped mag¬ 
nets (see tables 1 and 2). During this heat treatment 
the Nd, Dy-rich phase around the grain boundary is 
homogenized. A uniform NdDy-rich phase along the 
boundaries of the 2:14:1 grains leads to a better sep¬ 
aration of these grains. This can delay the expansion 
field of the reversed nuclei, across the non-magnetic 
grain boundaries, which in turn can account for a 
higher intrinsic coercivity. 
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INTRINSIC COERCIVITY OF Dy 2 0,-DOPED Nd 15 Fe 77 B # AS 
A FUNCTION OF POST-SINTERING HEAT TREATMENT 


AU SAM Pin WERE DOPED WITH 4 WT% Dy,0, AND SINTERED AT 1070°C FOR 1 HOUR) 



TABLE m 

CHEMICAL ANALYSES OF A Dy-ALLOYED AND A 
DY 2 0 3 -D0PED Nd 15 Fe 77 B 8 SINTERED MAGNETS 


ELEMENTS (wt%> 


Sample 

Inc «>•) 

Nd 

Dy 

Fe 

B 

Or 

Dy-ALLOYED 

15,000 

27.7 

3.13 

70.0 

1.36 

0.5 

Dy 2 0,-DOPED 

17,500 

29.8 

3.51 

65.2 

1.22 

1.2 
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Metallurgical Factors Determining the Coercivity of 
Nd-Fe-B Magnets 
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Abstract. In Nd-Fe-B based permanent magnets a high magnetocrys¬ 
talline anisotropy of the hardmagnetic phase is necessary for a high 
intrinsic coercivity. In fact, metallurgical parameters (distribution of 
phases, chemical composition and crystal structures of phases) and 
processing parameters (alloy preparation, size and shape of particles, 
sintering and annealing treatments) determine the value of the coercive 
force of each sintered Nd-Fe-B magnet. Our analytical electron micro¬ 
scope study shows that “melt-spun” and sintered Nd-Fe-B based 
magnets contain more or less a distribution of nucleation centres for 
reversed domains, such as iron-rich phases and ff-iron precipitates 
within the hardmagnetic 2:14:1-grains. A continuous non-magnetic 
layer phase between the hardmagnetic 2:14:1-grains increases the 
expansion field of reversed domains and increase the coercivity. In 
"melt-spun” magnets the contribution of the pinning of magnetic 
domain walls becomes effective during the magnetization reversal 
process. 

Key words: permanent magnets, electron microscopy, coercivity. 


The hardmagnetic properties of permanent magnets based on Nd-Fe-B are 
controlled by the magnetocrystalline anisotropy of the hardmagnetic phase 
and by metallurgical factors, such as the nominal composition of the 
starting alloy, purity, particle size distribution, grain size and precipitates. 
The nature of the raw material and processing parameters, such as 
quenching rates, sintering and annealing conditions, have a major effect on 
the final hardmagnetic properties. Nd-Fe-B based permanent magnets 
exhibit outstanding magnetic energy density products at room temperature 
but due to the low coercivity at elevated temperatures and, therefore, the 
low operating temperature this potential permanent magnetic material has 
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not yet become a replacement for the SmCo 1: 5 and SmCo 2:17 perma¬ 
nent magnets [1, 2]. In principle there are two different types of magnets 
based on a nominal composition of the starting alloy close to 
Ndl5-Fe77-B8: The “magnequench” magnets, prepared by rapidly 
quenching and new compacting techniques [3], and the sintered magnets, 
prepared by conventional powdermetallurgical techniques [4]. Much 
progress in our understanding of the reasons for coercivity has been 
achieved since 1983, when Nd-Fe-B magnets were discovered, by studying 
the magnetic properties and by the examination of the microstructure. In 
sintered and “magnequench” Nd-Fe-B magnets a multiphase micro¬ 
structure is found [5, 6J. Optical metallography, microprobe analysis and 
transmission electron microscopy together with STEM X-ray microanalysis 
have so far widely been used to identify the multiphase structure of 
Nd-Fe-B based magnets [5—29]. The purpose of this paper is to show the 
progress in understanding the microstructure and coercivity mechanism of 
Nd-Fe-B based magnets during the last two years. 


Experimental 

The magnets investigated were commercial grade magnets in peak aged 
condition of the general nominal composition Nd15-Fe77-B8, but prepared 
under different conditions and partly containing small amounts (< 1 wt.%) 
of dysprosium, aluminium, niobium, zirconium and magnesium, respec¬ 
tively. The intrinsic coercivities of these magnets ranged from 300 kA/m to 
4000 kA/m. The magnets were produced by various producers under 
different processing and post-sintering heat treatment conditions. A series 
of more than 20 sintered magnets, supplied by Hitachi Met., Shin-Etsu 
Chem. Comp, and Sumitomo Spec. Met., Japan, CISRI Beijing, China, 
Crucible Materials and Unocal, USA, was studied by means of optical 
metallography, microprobe analysis and transmission electron microscopy 
together with STEM X-ray microanalysis in order to identify the multiphase 
microstructure. Thin slices perpendicular to the magnetic alignment 
direction were cut from each of the demagnetized magnets. The specimens 
were thinned forTEM by electropolishing using a perchloric acid-methanol 
solution. Ion milling was used only for cleaning the surfaces from contami¬ 
nation in order to avoid ion beam damage. Scanning transmission electron 
microscope (STEM) X-ray microanalysis was performed on a JEOL 200 CX 
analytical microscope fitted with a LaB6 filament and an EDAX high take 
off angle energy dispersive X-ray analyzer. A beryllium double tilt 
specimen stage was used to reduce the background intensities. All X-ray 
spectra were taken under [0001]-orientation of the specimens and were 
analyzed using the EDAX 9100 quantitative software program for these 
samples. 


Results and Discussion 

The analytical electron microscope investigation of Nd-Fe-B based magnets 
revealed in all of the peak aged magnets the same multiphase micro- 
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structure with three categories of phases [5J. Besides the hardmagnetic 
Nd,Fe H B boride phase (A) also grains with a composition 
Nd,, + ,>Fe 4 B 4 -phase (B) and Nd-rich phases (C) preferentially at grain¬ 
boundary junctions and extending to grain boundaries are detected by 
optical metallography and microprobe analysis. Grain size and grain size 
distribution are important criteria for the intrinsic coercivity of the final 
magnet. 


“Melt-Spun " Magnets 

The average grain size of magnets derived from rapidly solidified ribbons 
(about 50 nm) is approximately 100—300 times smaller than the one of 
sintered magnets (5—15 pm). Fig. 1 shows a transmission electron micro¬ 
graph of a slightly underquenched “melt-spun” magnet. The uniform 
microstructure consists only of hardmagnetic grains, partly separated by a 
thin layer of a Nd-rich phase [6]. Melt-spun materials with maximum prop¬ 
erties do not contain grains of phase (S), individual Nd-rich precipitates 
[30] or Nd ; O r inclusions. The nominal composition of the starting material 
and the quenching rate are important criteria for the precipitation of a-iron 
and Nd-rich phases within Nd 2 Fe l4 B-grains. The electron micrographs of 
Fig. 2 a and b show small a-iron precipitates with diameters of < 5 nm 
(black dotty background) and Nd-rich precipitates, respectively, of an 
underquenched melt-spun material. In the darkfield image of Fig. 2 a taken 
in the reflection of the a-iron phase the precipitates clearly show up as 
bright dots. 


Sintered Magnets 

We extensively studied the microstructure of sintered Nd-Fe-B magnets by 
means of analytical electron microscopy [2, 27 —29]. The presence of 
Fe-rich precipitates was first found in sintered magnets showing a slight 
kink in the demagnetization curve, a-iron precipitates were also found in 
many other sintered magnets with a nominal composition close to 
Nd15-Fe77-B8. The dark filed micrograph of Fig. 2 c shows a-Fe precipi¬ 
tates within a hardmagnetic 2:14:1-grain. 

The sintering of Nd-Fe-B magnets is primarily determined by the liquid 
phase type of the sintering mechanism which involves the presence of a low 
melting, viscous Nd-rich eutectoid [17], and secondly by the solid state type 
of sintering. During sintering the driving force for the densification of 
Nd-Fe-B magnets is the capillary pressure and the surface tension. Both 
surface diffusion along grain boundaries and volume diffusion also play an 
important role during densification. Liquid phase sintering occurs most 
readily when the liquid thoroughly wets the solid particles at the sintering 
temperature. The liquid in the narrow channels between the particles results 
in substantial capillary pressure. The particle size, sintering temperature 
and time, the uniformity of particle packing, the patide shape and the 
particle size distribution are extremely important parameters. Fine particle 
size powder can be sintered more rapidly and at lower temperature than 
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coarser powder. If particle packing is not uniform in the pressed „green" 
compact, it will be difficult to avoid porosity during sintering. The scanning 
electron micrograph of Fig. 3 a shows the formation of agglomerates of 
irregular shaped particles with different size, which is a common source of 
nonuniformity of the powder. The schematic drawing of Fig. 3 c shows the 
difference between particles, individual grains and agglomerates of the 
“green” powder. Smaller particles exhibit a higher driving force for densifi- 
cation (higher capillary pressure and higher surface energy) than coarser 
particles. The rate of liquid phase sintering is strongly affected by the 
sintering temperature. A small increase in temperature results in a 
substantial increase in the amount of liquid present, but on the other hand, 
this increase causes an excessive grain growth, which deteriorates the 
magnetic hardness. The transmission electron micrograph of Fig. 3 b shows 
various grains of a sintered magnet. Grains appearing dark in electron 
micrographs and marked by arrows in Fig. 3 b, were characterized as 
Nd-rich phases [29]. It is obvious that the pores in the “green” compact are 
filled by Nd-rich grains after sintering. Depending on the cooling rate and 
post-sintering heat treatments various Nd-rich phases (C) occur in the final 
magnet. This is in good agreement with our analytical electron microscopic 
investigations which show that the Nd-rich phase (C) can be divided into at 
least four subtypes with different chemical compositions [29]. According to 
the ternary Nd-Fe-B phase diagram [17, 31, 32] we detected the Nd 2 FeB, 
phase, ternary eutectic phases and other Nd-rich phases in sintered magnets 
[29]. Three different forms of Nd-rich phases including Nd 2 0 3 -inclusions 
are found by means of transmission electron microscopy. Firstly in the 
shape of grains with diameters up to several microns embedded between 
hardmagnetic 2:14:1-grains. Secondly, as intergranular phases at grain 
junctions and extending to grain boundaries. Thirdly, in the form of 
randomly distributed precipitates with diameters up to 500 nm within the 
2:14:1-grains. 

Since an agglomeration of several particles is always observed (Fig. 3 a), 
it can be shown that some of the larger particles also contain individual 
grains. In this case two types of grain boundaries will be formed after 
sintering (Fig. 3 d). In the first case, grain boundaries (GB1), separating 
particles will exhibit a Nd-rich layer phase between the grains, whereas in 
the second case the grain boundaries (GB2), originally separating grains 
within particles will be high-angle grain boundaries with virtually no 
Nd-rich layer phase. The composition and particle size of the alloyed and 
blended powder mainly determines the shape and distribution of the grains 
in the sintered magnet. Our investigations show that each sintered magnet 
contains a variety of grain boundary structures with different thickness and 
degree of completeness. A high amount of grain boundaries does not show 
any intergranular phase at all [33]. 

The individual microstructure of each magnet is already influenced 
during the alloy preparation, grinding, blending and pressing process 
before sintering. For instance, the oxygen content of the sintered magnet is 
proportional to the milling time and indirectly porportional to the particle 
size of the powder. The microstructure of the final magnet also strongly 
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depends on the purity of the raw material which was used for the prepa¬ 
ration of the starting alloy. 

Reasons for Coercivity of Nd-Fe-B Magnets 

Metallurgical factors primarily control, besides the magnetocrystalline an¬ 
isotropy of the 2 :14:1-phase, the intrinsic coercive field of the individual 
magnet. Generally speaking, the coercive field is indirect porportional to 
the grain size, and the hot ogeneity of the distribution of the Nd-rich 
phases along grain boundaries can be correlated to the coercivity of the 
final magnet. Nd-Fe-B sintered magnets belong to the group of “nucleation 
controlled” permanent magnets [34, 35]. A non-magnetic layer phase 
between the hardmagnetic 2:14:1-grains increases the expansion field of 
reversed domains and increases the coercivity. 

It seems that in melt-spun magnets, besides nucleation, the pinning of 
magnetic domain walls also controls the magnetization reversal process. 
Individual softmagnetic precipitates, such as a-iron, extremely deteriorate 
the intrinsic coercive field of magnets. 

Studying sintered magnets with an extremely small g-ain size of 
3—5 pm, but with a high coercivity of iHc> 2000 kA/tn we found a high 
amount of hex. Nd,0., inclusions within the 2:14:1-grains (Fig. 4 a). Finely 
dispersed inclusions act as an obstacle for the migration of grain boundaries 
and grain growth during sintering. The Lorentz electron micrograph of 
Fig. 4 b shows the magnetic domain structure surrounding a non-magnetic 
Nd 2 0 3 -inclusion in the demagnetized state. 

During the last two years attempts were made to increase the coercivity 
by adding small amounts of elements, such as Al, Nb, Zr, Mo, Si, Mg, Ga, 
etc. Since the magnetocrystalline anisotropy is not affected by these addi¬ 
tions there must be an influence on the microstructure of the magnet. If the 
addition is less than appoximately 1 wt%, the elements are mostly homo¬ 
geneously distributed in all phases and possibly influence the magnetic 
properties of softmagnetic precipitates. Under certain conditions (i.e. heat 
treatment) the Nd-rich phase (C) and therefore the grain boundary layer 
phase gets enriched by the dopant. This depends also on the type of 
dotation, whether during the alloying or during blending [36]. The effect of 
various alloying elements on coercivity strongly depends on the processing 
conditions of the individual magnet. Recently Tokunga et al. [37] reported 
on a magnet with nominally containing seven (!) elements (Nd-Dy-Fe-Co- 
B-Nb-Ga) showing a reasonably high coercivity and remanence. From our 
electron microscope investigation we assume that each individual, sintered 
Nd-Fe-B based magnet contains a distribution of nucleation centres for 
reversed domains. For a better understanding of the coercivity mechanism 
of Nd-Fe-B magnets further microstructural investigations have to be made. 
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THE ROLE OF THE MICROSTRUCTURE ON THE COERCIVITY OF 
ND-FE-B SINTERED MAGNETS 
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ABSTRACT 


Besides the magnetocrystalline anisotropy also the micro- 
structural parameters determine the coercive force of the sinter¬ 
ed magnets. Measurements of magnetic parameters, such as crystal 
anisotropy, magnetization etc. do not explain quantitatively the 
dependence of the intrinsic coercivity on the grain size and heat 
treatment parameters. In fact, metallurgical parameters, such as 
distribution of phases, chemical composition and crystal structu¬ 
res of phases determine the value of the coercive force of the 
individual sintered magnet. Our analytical electron microscope 
study revealed at least five different categories of phases in 
addition to the hardmagnetic 2:14:1-phase in sintered Ndl5-Fe77- 
B8 magnets. Iron-rich phases and 06-iron precipitates within the 
2:14:1-grains were found in several magnets. Also other possible 
nucleation sites for reversed domains were also detected inside 
the grains, such as precipitates close to the composition of the 
(l+£):4:4-phase. Magnets with an increased coercivity due to the 
dotation by small amouts of Al, Nb, Mg, Zr, Ga and other refra¬ 
ctory elements showed a homogeneous distribution of these ele¬ 
ments in all phases, resulting in a change of the magnetic pro¬ 
perties of possible nucleation centres. In several cases, the 
Nd-rich phase and single precipitates are found to be enriched by 
these elements. In magnets with extreme small grain sizes of 3-5 
pm and threfore with coercivities up to iHc= 2000 kA/m we found a 
large number of inclusions with a high melting temperature within 
the 2: 14 :1-grains. A large volume fraction of such inclusions and 
a small inclusion size (< 1pm) is very effective in retarding 
grain growth during the sintering process. In conclusion the more 
homogeneous the composition and the distribution of the hardmag¬ 
netic and the Nd-rich phases are, the higher will be the 
coercivity. 
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1. Introduction 


The intrinsic magnetic coercivity of recently developed rare 
earth-iron based permanent magnets is primary determined by the 
magnetocrystalline anisotropy of the hardmagnetic phase. But in 
fact, the microstructure and metallurgical parameters, 
respectively, limit the magnetic coercivity of this class of 
permanent magnets. Nd-Fe-B based permanent magnets exhibit 
outstanding magnetic energy density products at room temperature, 
but due to the low coercivity at elevated temperatures and 
therefore the low operating temperature this potential permanent 
magnetic material has not yet become a replacement for the SmCo 
1:5 and SmCo 2:17 permanent magnets. Originally the coercivity of 
Nd-Fe-B magnets was increased by replacing Nd with small amounts 
of Dy or Tb [1,2] resulting in a higher magnetocrystalline 
anisotropy but at the expense of a lower saturation 
magnetization. Sintered magnets with a composition close to 
Nd7Dy8Fe77B8 exhibit intrinsic coercivities iHc 2 4000 kA/m but 
show only (B.H)max ** 160 kJ/m3 at room temperature [3]. Since 
the last RCO-Meeting in Dayton 1985 numerous suggestions have 
been reported to increase the intrinsic coercivity, especially of 
sintered Nd-Fe-B based magnets. In most of these cases the 
coercivity could be increased by the addition of small amounts 
of 

* aluminium 

* niobium 

* magnesium 

* zirconium 

* gallium 

* dysprosium-oxide 

to magnets close to the nominal composition Ndl5-Fe77-B8. In many 
cases the addition of small amounts of refractory elements did 
not affect drasticly the magnetocrystalline anisotropy. The 
reason for the increase of the coercivity is the influence of the 
changed microstrueture on the magnetic domain structure and 
magnetization reversal process, respectively. 

Besides the addition of small amounts of various elements, 
also the post-sintering heat treatment procedure has been 
modified in order to maximize the coercivity, which is very 
sensitive to aging temperatures, annealing times, quenching- and 
cooling rates [2]. 

Rare earth-iron based magnets can be divided into two 
groups, the sintered magnets, prepared by conventional 
powdermetallurgical techniques, and the "magnequench" magnets, 
prepared by rapidly quenching and new compacting techniques. In 
sintered and "magnequench" Nd-Fe-B magnets a multiphase 
microstructure is found [4]. Optical metallography, microprobe 
analysis and transmission electron microscopy together .with STEM 
X-ray microanalysis have widely been used to identify the 
multiphase structure of Nd-Fe-B based magnets so far [4-13]. 
Special emphasis of this tutorial lecture has been laid on the 
influence of alloying parameters on the microstructure and 
therefore on the coercivity of sintered Nd-Fe-B based magnets. 





2. Experimental 


The material used for the microstructural investigation was 
commercial grade sintered magnets with a nominal composition 
close to Ndl5-Fe77-B8, but prepared under different conditions 
and partly containing small amounts of dysprosium, aluminium, 
niobium, zirconium and magnesium, respectively. The intrinsic 
coercivities of these magnets ranged from 300 kA/m till 4000 
kA/m. The magnets were produced by standard powdermetallurgical 
processing techniques by various producers under different post¬ 
sintering heat treatments. A series of more than 20 sintered 
magnets, supplied by Hitachi Met., Shin-Etsu Chem.Comp. and 
Sumitomo Spec.Met., Japan, CISRI Beijing, China, Crucible 
Materials and Unocal, USA was studied by means of optical metal- 
lograpy, microprobe analysis and transmission electron microscopy 
together with STEM X-ray microanalysis in order to identify the 
multiphase microstructure. Thin slices perpendicular to the 
magnetic alignment direction were cut from each of the demag¬ 
netized magnets. The specimens were thinned for TEM by electro¬ 
polishing using a perchloric acid-methanol solution. Ion milling 
was used only for cleaning the surfaces from contamination. 
Scanning transmission electron microscope (STEM) X-ray micro¬ 
analysis was performed on a JEOL 200 CX analytical microscope 
fitted with a LaB6 filament and an EDAX high take off angle 
energy dispersive X-ray analyzer. A beryllium double tilt 
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Fig.1: Schematic drawing of the multiphase microstructure found 
in sintered Nd-Fe-B magnets. 




specimen stage was used to reduce background intensities. Ail 
X-ray spectra were taken under [0001]-orientation of the 
specimmens and were analyzed using the EDAX 9100 quantitative 
software program for this samples. 


3. Results 

In sintered Ndl5-Fe77-B8 magnets three categories of 
phases occur [4,5,13]. esides the hardmagnetic Nd2Fel4B 
boride phase (A) also grains with a composition Nd(l+£)Fe4B4 - 
phase (B) and Nd-rich phases (C) preferentially at grain 
boundary junctions and extending to grain boundaries are 
detected by optical metallography and microprobe analysis. Figure 
1 shows a schematic drawing of the microstructure obtained in 
most of the sintered magnets. Irregular shaped grains with 
different grain sizes are separated by grain boundaries which 
only partly contain a Nd-rich phase (C). Within the hardmagnetic 
grains there is always a special amount of randomly distributed 
precipitates and inclusions, respectively, with diameters up to 
0.5 pm. In some of the magnets, especially in the ones which show 
a kink in the demagnetization curve a high amount of Fe-rich 
phases (D) and V- - Fe precipitates (E) are found. Actually , we 
frequently detected mostly in a large number of production grade 
magnets large inclusions up to several microns in size of "exotic 
phases" (F) such as Nd-chlorides, NdC12, Nd-chlorate and 
Nd(OH)2C1 and iron -phosphate-sulfate phases [13]. Table 1 
summarizes the phases detected in Nd-Fe-B based sintered magnets 
by means of analytical transmission electron microscopy. 


Table Is PHASES IN SINTERED ND-FE-B MAGNETS 

DETECTED BY ANALYTICAL STEM 


(A) HARDMAGNETIC BORIDE [2:14:11 different grain size 

different orientation 


(B) BORON-rich ((1+ ):4:41 


big grains, precipitates 


(C) NEODYMIUM-rich 


NEODYMIUM-OXID 

(D) IRON-rich 

(E) « - IRON 


grains, precipitates, grain boundary layer 

(Cl) Nd:Fe (at%)= 1 : 1.2-1.4 

(C2) 1 : 2.0-2.3 

(C3) 1 : 3.5-4.4 

(C4) >1:7 

grains, inclusions 

precipitates 


(F) "EXOTIC PHASES" 


grains, inclusions 
(FI) Nd - Cl 
(F2) Nd - P - S 
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Hardmaqnetic 2:14:1 phase (A) 

Due to the multiphase microstructure only the hardmagnetic 
2:14:1-phase (A) contributes to the magnetic properties of the 
magnet. The volume fraction of this phase determines the 
remanence and therefore the maximum energy density product of the 
magnet. Using transmission electron microscopy together with 
X-ray microanalysis precipitates with diameters up to a few 
hundreds nm of phases (B). (C), (D) and (E) within the 
hardmagnetic 2:14:1 grains have been identified. Our microscopic 
investigations did not reveal any significant evidence of other 
crytal lattice defects besides the precipitates and inclusions 
within the hardmagnetic grains (fig.2). Determining the Fe/Nd - 
ratios revealed that most of the additions (Al, Nb, Zr, etc.) are 
partly replacing the Fe-sites in the 2:14:1-grains. In production 
grade magnets this was also found for silicon. It should also be 
mentioned that the misorientation between alignment direction and 
c-axis of the individual grains is found by electron diffraction 
in the order of 10°, which is in good agreement with values 
measured by x-ray diffraction [5]. Moreover our analytical 
investigations revealed a distribution of different Fe:Nd-ratios 
in 2:14:l-grains even in the same magnet material [13]. 



Fig.2: Lorentz electron micrograph showing boron-rich (B) and 
neodymium-rich precipitates together with magnetic 
domain walls within a hardmagnetic grain. 




(l+£):4:4-phase (B) 

Transmission electron micrographs of grains of phase(B) show a 
high defect density of dislocations and planar defects especially 
in larger grains up to 15 pm (fig.3). Phase (B) occurs in the 
form of individual grains as well as in the form of incoherent 
precipitates within 2:14:l-grains (fig.2) We have a strong 
evidence that phase (B) occurs in different metastable modi¬ 
fications in sintered magnets and is still under certain con¬ 
ditions ferromagnetic at room temperature which is in contrary to 
measurements of the Curie temperature of (l+£):4:4- crystalline 
material [14,15]. The heavily faulted phase (B) mostly differs in 
the chemical composition especially in the content of other 
elements, such as silicon, aluminium, zirconium etc.The ratio of 
the Fe- to the Nd-concentration (in at%) was found to be in the 
range 3.6 to 3.9. By means of high resolution electron microscopy 
and elctron diffraction, crystal lattice periodicities of 0.4 nm, 
4.8 nm and 14.5 nm were found [16].This is the reason why the 
density and the type of the modification of the (B) phase within 
the 2:14:1-grains could be a contribution in limiting the 
coercivity. The nucleation of reversed domains can easily take 
place at such ferromagnetic precipitates. The defocused Lorentz 
electron micrograph of fig.l shows a magnetic domain structure. 
Domain walls are visible as bright and dark lines. In one of the 
(1+t):4:4-phase domain walls also occur within the precipitate. 





Nd-rich phases <C) 

Another result of our analytical electron microscopic investi¬ 
gations [13] is the fact that the Nd-rich phase (C) can be 
divided into at least four subtypes with different chemical 
composition. From the characterization of more than 100 Nd-rich 
(C)-phases, the following various Nd-rich subtypes with different 
Fe:Nd-ratios were found: 

(a) 1 : 1.2-1.4 

(b) 1 : 2.0-2.3 

(c) 1 -. 3.5-4.4 

(d) >1:7 

According to the ternary phase diagrams by Y. Matsuura et al. 

[17], G. Schneider et al. [18] and D.S. Tsai et al. [19] we 
detected the Nd2FeB3 phase, ternary eutectic phases and other 
Nd-rich phases, whereby some of them could not yet be exactly 
identified. Three different forms of Nd-rich phases are found by 
transmission electron microscopy (fig.4). First in the shape of 
grains with diameters up to several microns embedded between 
hardmagnetic 2:14:1-grains. Second ,as intergranular phases at 
grain junctions and extending to grain boundaries. Third, in the 
form of randomly distributed precipitates with diameters up to 
500 nm within the 
2:14:1-grains. 

X-ray microprobe analysis of large Nd-rich particles show a 
high oxygen content and electron diffraction p^terns can partly 
be indexed by the hexagonal Nd203 crystal structure. Especially 
the randomly distributed Nd-rich precipitates within the 2:14:1- 
grains were identified as hex. Nd203-inclusions, which were 
already formed before the sintering process. The melting point 
of Nd203 is about 2270°C, whereby the sintering temperature is below 
1100°C. Oxide impurities and other inclusions may origine from 
impurities of the starting material. It should be mentioned that 
most of the Nd-rich phases occur in the form of metastable phases 
with unknown chemical composition and crystal structure and it 
must be assumed that oxygen plays an important role in these 
Nd-rich phases. 

Iron-rich phases (D) and (E) 

The presence of Fe-rich precipitates was first found in 
Nb-containing Ndl5-Fe77-B8 magnets. The microstructure of such 
magnets was found to be similar to that of the ternary magnets, 
but with the addition of two Nb containing phases which we found 
inside grains of the hard magnetic phase [20]. The larger 
precipitates were identified by electron diffraction and X-ray 
microanalysis as Laves phase NbFe2. The absence of domain walls 
within this phase suggest that it is probably non-ferromagnetic 
but the relatively large sise of these inclusions, of the order 
of several microns, means they would not form sites for domain 
wall pinning. However we also found smaller Nb-containing 
precipitates of the size up to 50 nm which could produce domain 
wall pinning. If these precipitates do produce strong pinning 
then their presence would explain the enhanced coercivity of the 
Nb-containig magnet. 





Fig.4: Electron Micrographs showing a Nd-rich grain (a), 

separated by two grain boundaries OB Cron hardaagnetic 
grains with a high dislocation density inside, and hex. 
Nd203~inclusions in a high coercivty magnet with a small 
grain size. 
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Taking into account the nominal composition Ndl5-Fe77-B8 and 
considering the values of the volume fractions of phases (A), (B) 
and (C) [5], it is evident that in sintered magnets Fe-rich 
phases or pure iron precipitates have to be formed, which is also 
in agreement with Mossbauer measurements of sintered Nd-Fe-B 
magnets [21]. The electron micrographs of fig.5 showc*-Fe 
precipitates within a hardmagnetic grain. Special care has to be 
taken in order to study the iron precipitation. Sample 
preparation, especially long ion-milling and extended electron 
bombardment under observation in the microscope, may origine the 
formation of hex. Nd203 and iron-rich regions within the 
2:14:l-grains [10]. 



Fig.5: Bright field electron micrograph and electron diffraction 
pattern showing a high density of o(-Fe precipitation 
within a 2:14:1-grain of a magnet showing a slight kink 
in the demagnetisation curve. 


In most of the Md-chlorine phases a high density of dislocations 
was found (fig.6). The role of these phases on the coercivity has 
not yet been fully clarified, since the magnetic properties and 
crystallographic properties of these partly metastable phases are 
unknown. These inclusions may origine from impurities of the 
starting material. 






Fig.6: Electron nicrograph and X-ray spectrum of a large Nd-Cl 
phase containing dislocations 

Grain boundary regions 

Our investigations do not agree with other electron microscopic 
investigations showing a new, so called "bcc" phase" near grain 
boundary regions and we do not agree with their conclusions upon 
the coercivity mechanism [22,23]. Scanning electron microscope 
micrographs of pressed powders show irregular shaped particles 
with different particle sizes (fig.7). The agglomeration of 
several particles is always observed. It can be shown that larger 
particles contain individual grains. In this case two types of 
grain boundaries will be formed after sintering. In the first 
case, grain boundaries, separating particles will exhibit a 
Hd-rich layer phase between the grains, whereas in the second 
case the grain boundaries, originally separating grains within 
particles will be high-angle grain boundaries with more or less 
no Nd-rich layer phase. The composition and particle size of the 
alloyed and blended powder mainly determines the shape and 
distribution of the grains in the sintered magnet. 

Our investigations show that each individual magnet 
contains a variety of grain boundary structures with different 
thickness and degree of completeness. A high amount of grain 
boundaries does not show any intergranular phase at all. The high 
resolution electron nicrograph of fig.8 shows a 37°-high angle 
grain boundary of a magnet with iHc-1500 kA/n without a grain 
boundary layer phase. 
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Fig.7: Scanning electron micrograph showing the irregular shaped 
particles of a green compact, before sintering. 


As result of X-ray microanalysis we found a gradient of the 
concentration from the centre of a hardmagnetic grain in 
direction to the grain boundary. The ratio of the doped elements 
(Dy, Al, Mb) and silicon to iron is higher in regions near grain 
boundaries than in the middle of grains. Chen et al. found by 
nanoprobe x-ray microanalysis an enrichment of Al within the 
Nd-rlch grain boundary layer [24]. Dysprosium additions increase 
the coercivity, because of the higher magnetocrystalline ani¬ 
sotropy of the hardmagnetic phase (A). The type of the Dy- 
dotation (as Dy-metal or Dy-oxide) [25] and the post-sintering 
heat treatment strongly influence the final coercive force. This 
effect can be explained by the change of the composition of the 
(NdDy)-rich grain boundary phase leading to a magnetocrystalline 
"surface hardening" of the hardmagnetic grains in oxide doped 
magnets [26]. 









Fig.8: Lattice fring image showing a 37° high-angle grain 
boundary with no Nd-rich layer phase between the 
2:14:1-grains 


4. Discussion 

Our microstructural investigations have shown that the 
microstructure of sintered Nd-Fe-B magnets is more complicated 
than the one of single phase SmCol:5 magnets, which is also a 
typical example for a "nucleation controlled" magnet. The 
individual microstructure of each magnet is already influenced 
during the alloy preparation, grinding, blending and pressing 
process before sintering. For instance the oxygen content of the 
sintered magnet also depends on the milling time and therefore on 
the particle size of the powder. The microstructure of the final 
magnet also strongly depends on the purity of the raw material 
which was used for the preparation. Thus, the microstructure of 
"laboratory" grade magnets differs from "commercial" grade 
magnets. In fact metallurgical and processing factors,such as 

* AVERAGE PARTICLE SIZE 

* PARTICLE SIZE DISTRIBUTION 

* PARTICLE SHAPE 

* PARTICLE SURFACE (OXIDATION) 

* PARTICLE CHEMISTRY AND STRUCTURE 


* GRAIN SIZE, MISORIBNTATION & TEXTURE 

* DISTRIBUTION AND COMPOSITION OP PHASES 

* GRAIN-BOUNDARY LAYERPHASB 


ANNEALING PARAMETERS (temp., time, cooling rate) 







primary control , besides the magnetocrystalline anisotropy of 
the 2:14:1-phase, the intrinsic coercive field of the individual 
magnet. Generally speaking, the coercive field is indirect 
proportional to the grain size, and the homogeneity of the 
distribution of the Nd-rich phases along grain boundaries can be 
correlated to the coercivity of the final magnet. This is also 
the reason of the fact why different post-sintering heat 
treatments have an influence on the coercivity. The more 
homogeneous the composition and the distribution of the Nd-rich 
phases (C) in the magnet are, the higher will be the coercivity 
of the sintered magnet. A non-magnetic layer phase between the 
hard magnetic 2:14:1-grains increases the expansion field of 
reversed domains and increases the coercivity. 

As result of the study of the microstructure of a magnet 
with an extreme small grain size of 3-5 pm and a coercivity of 
iHc= 2000 kA/m we found a high amount of hex. Nd203 inclusions 
within 2:14:l-grains (fig.A.b). The problem of migration of grain 
boundaries and grain growth during sintering of rare earth 
permanent magnets is well known and the presence of finely 
dispersed inclusions can act as obstacle for such processes. A 
given volume fraction of inclusions is much more effective in 
retarding grain growth when the particles are very small (< 1 
um). 

There is a twofold influence of the addition of small 
amounts of elements, such as Al, Nb, Zr, Mo, Si, Mg, Ga etc. on 
the microstructure. First, if the amount of addition is less than 
approximately 1 wt%, the elements are mostly homogeneously dis¬ 
tributed in all phases (A), (B) and <C), but might influence the 
magnetic properties of the softmagnetic precipitates, especially 
of phase (B) within the hardmagnetic grain interior. Under 
certain conditions (i.e. heat treatment) phase (C) and therefore 
the grain boundary layer phase gets enriched by the dopant. This 
depends also on the type of dotation, whether during alloying or 
during blending. On the other hand, if the amount of addition 
exceeds a critical value, individual grains of new phases are 
formed, such as A113Nd237e64 [10] or NbFe2 [20]. Between these 
extreme cases there is also the possibility for the formation of 
precipitates. The influence of such precipitates on the 
magnetization reversal and therfore on the coercive force is not 
yet clear. Attempts to find a textured precipitation structure 
within the hardmagnetic phase are made, thus the pinning force 
for magnetic domain walls could overcome the nucleation fields 
for reversed domains within the 2:14:1-grains. In 
zirconium-containing magnets needle shaped precipitates are found 
by transmission electron microscopy [27]. 

The porosity in the "green" compacts is non-interconnected. 
During sintering a liquid Nd-rich phase is formed in Nd-Fe-B 
compacts. The densification is probably due to the heavy alloy 
liquid phase sintering mechanism and is accelerated by the 
presence of vacant iron and boron lattice sites. Xnterdiffusion 
between phases and the capillary pressure is responsible for the 
movement and distribution of the liquid phase. 
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Interdiffusion takes place by lattice and surface diffusion 
processes especially near grain boundaries, whereby a high 
concentration of iron and boron vacancies is demanded. From 
metallurgical reasons the liquid phase between the 2:14:1 grains 
has to be a Nd-rich phase with a high amount of oxygen. 

The nucleation of reversed domains primary determines the 
coercivity mechanism of sintered Nd-Fe-B magnets. From our 
electron microscope investigation we assume that sintered Nd-Fe-B 
based magnets contain a distribution of nucleation centres, such 
as precipitates of type (B), (D) or <E), for reversed domains 
within the hardmagnetic 2:14:1-grains. The expansion of reversed 
domain-nuclei is hindered by the existence of a continuous 
non-magnetic Nd-0 rich intergranular phase, separating the 
hardmagnetic grains. For a better understanding of the coercivity 
mechanism of Nd-Fe-B magnets further microstructural 
investigations have to be made. 
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Electron microscopy in the development of new magnetic materials 
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ABSTRACT: Electron microscopic techniques including the observation of 
magnetic domains have become more important for the characterization of 
soft and hard magnetic materials in both, university and manufacturer 
laboratories. For the development of new magnetic materials the know¬ 
ledge of the interaction between the magnetic domain structure and the 
microstructure is important for a better understanding of the magnetic 
properties. In newly developed permanent magnets with outstanding hard 
magnetic properties microstructural parameters limit the coercivity of 
the magnet material. 


1. INTRODUCTION 

A ferro- or ferrimagnetic body consists of uniformly magnetized regions, 
i.e. the magnetic domains. The magnetic domains are separated from each 
other by magnetic domain walls. Micromagnetic models revealed different 
types of magnetic domain walls (Hubert 1914). New transmission electron 
microscopic techniques were developed in order to study the magnetization 
aistnoution and the domain wall character in detail and the existence of 
asymmetric domain walls was proved (Zepper and Hubert 1976). Using these 
techniques, the character and thickness of a domain wall can accurately be 
determined. The size and shape of the magnetic domains are determined by 
the total free energy (magnetic stray field energy plus domain wall en¬ 
ergy) and depend on the magnetic properties (magnetization, magnetocrys¬ 
talline anisotropy and magnetostriction) and on the geometry of the 
magnet. The mobility of domain walls in an external magnetic field deter- 
r : *'. s sh'i - f the magnetic hysteresis curve. 7,.e intr:\':> cceicivt 
force iHc, which is a characteristic parameter of the hysteresis curve, 
strongly depends on the interaction force between domain walls and the 
microstructure of the material. In order to improve the magnetic proper¬ 
ties of soft magnetic materials with a low coercive force and of hard 
magnetic materials with a high coercive force investigations of the micro¬ 
structure and the domain structure are necessary. 

Electron microscopy is widely being used to study and characterize mag¬ 
netic materials in both, university and manufacturer laboratories. This 
paper is intended to be a brief, general introduction in this field. 
Numerous articles on this topic have been published in international 
journals and conference proceedings within the last years. In summary, the 
typical applications of electron microscopy in the field of the develop¬ 
ment of new magnetic materials are divided into three categories: 
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(a) Soft magnetic materials: 
amorphous iron-rich materials 

(b) Magnetic information-storage materials: 
magnetic particles (a-FeaOa, Cr 02 , metallic), 

recording disc - materials (Co-P, Co-Ni, Co-Cr, Rare Earth-Co/Fe), 
magnetooptic and bubble domain materials (amorphous Rare Earth-Co/Fe, 
garnets, ortho- and hexaferrites) 

(c) "Supermaqnets": 

Rare Earth (RE) - Co/Fe 

The purpose of this paper is to briefly discuss the different electron 
microscopic techniques to study magnetic materials and to show, as an 
example, transmission electron microscopic results on new hard magnetic 
"supermagnets", since in the light of the historical development of hard 
magnetic materials the improvement of the coercivity is closely related 
with a better microstructural understanding of the mechanisms leading to 
higher coercive forces. 

2. ELECTRON MICROSCOPIC METHODS TO STUDY MAGNETIC MATERIALS 

The oldest and most commonly used techniques for magnetic domain obser¬ 
vation are the light optical techniques. The lack of the poor spatial 
resolution leads to the application of electron optical techniques for 
domain and microstructural investigation. The different microscopic tech¬ 
niques for microstructural and magnetic domain observation are listed in 
Table 1. The electron optical methods (Lorentz electron microscopy) for 
domain observation are based on the fact that electrons are deflected 
because of the Lorentz-force of the magnetic strayfield outside the speci¬ 
men or the magnetization inside the domains (Grundy and Tebble 1968, 
Jakubovics 1964). Two types of techniques are distinguished in the case of 
conventional scanning electron microscopy. The magnetic contrast is pro- 

Table 1: Comparison of microscopic techniques used for microstructural and 
magnetic domain investigations of magnetic materials 


METHODS 

MICROSTRUCTURE 

MAGNETIC DOMAINS 

Light optical 
microscope 
(LOM) 

Grain boundaries 
Large precipitates 
and inclusions 

Bitter technique 

Kerr technique 

Faraday technique 

Scanning electron 

Grain boundaries 

Strayfield tfcv.i.iqut viy ; . >= il 

(SEM) 

X-ray microanalysis 

Electron polarization techn. 

Scanning transmission 
electron microscope 
(STEM) 

Defect analysis 
Precipitates 

X-ray microanalysis 

Double or quadrant detector 
technique 

Convent, transmission 
electron microscope 
(CTEM) 

Defect analysis 
Precipitates 

X-ray microanalysis 

Fresnel technique 

Foucault technique 

Holographic interference techn. 

Field ior microscope 
(FIM) 

Atom probe analysis 
(AP) 

Phase analysis 
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duced whether by external stray fields (Type 1) or by internal magnetic 
induction (Type 2). These techniques are widely used to study the surface 
domain structures of magnetic recording materials and soft magnetic 
materials (Jones 1987). 

Differential phase contrast together with STEM is a new method for domain 
observation (Chapman et al 1978, Tsuno and Inoue 1984). The advantage of 
this method, where double or quadrant detectors are used, is the possibi¬ 
lity to study the domain wall thickness very accurately. In advantage of 
conventional TEN is to identify crystal lattice defects or small precipi¬ 
tates and the magnetic domain structure simultaneously. The magnetic con¬ 
trast is produced whether by defocussing (Fresnel technique) or by shift¬ 
ing the objective aperture diaphragm (Foucault technique) (Grundy and 
Tebble 1968). Examples for the interaction between crystal lattice defects 
and precipitates, respectively, and magnetic domain walls are shown in 
Figure la. The defocussed micrograph shows besides dislocations, stacking 
faults and grain boundaries the pinning of magnetic xornain walls (marked 
by arrows) at microtwin-boundaries in a Mn-Al-C permanent magnet material, 
which was produced by an extrusion process. The interaction force and the 
density of such pinning centres for magnetic domain walls determine the 
coercive force. Maximum interaction between domain walls and precipitates 
occur, when domain wall thickness and diameter of precipitates are com¬ 
parable Taylor 1980a). Crystallization centres in amorphous, soft magnetic 
alloys deteriorate the magnetic properties. Such an interaction in a part¬ 
ly crystallized Fe-Ki-B ribbon is shown in Figure lb. The crystallization 
and the change of the magnetic domain structure was studied in-situ by 
heating the specimen within the electron microscope (Fidler and Skalicky 



domain walls (marked by arrows) in an Ma-Al-C magnet (a) and in a partly 
cryrtallized, amorphous Fe-Ni-B ribbon (b). 


Special care has to be taken in order to study the magnetic domain struc- 
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ture under controlled conditions, and the specimen has to be shielded from 
the high magnetic field of the objectiv pole piece. In top-entry gonimeter 
stages the specimen must be withdrawn to a position of a low magnetic 
field (Valdre 1964, Taylor 1980b), and in side-entry stages shielded 
objective pole pieces have to be used (Tsuno 1983). The electron optical 
techniques for domain investigation, described so far, can be performed on 
conventional electron microscopes after being adapted for domain observat¬ 
ion. Such optional attachments are commercially available from electron 
microscope manufacturers. Other electron optical techniques need a more 
expensive and intricate instrumentation. Holographic interference electron 
microscopy, together with a field emmission gun, have been used for mag¬ 
netic domain investigation (Tonomura et al 1980). Lines according to the 
direction of magnetization are directly observed as contour fringes which 
overlap individual bright field micrographs. The recent development of 
scanning electron microscopy with polarization analysis (SEHPA) has made 
the direct observation of magnetic structures with submicron spatial reso¬ 
lution possible (Koike and Hayakawa 1985, Unguris et al 1986). Other 
microanalytical techniques based on field ion microscopy and atom probe 
analysis have recently been used and were reported to analyze the dif¬ 
ferent phases of permanent magnetic materials, such as AlNiCo-, FeCrCo- 
and RE-cobalt/iron - magnets (HQtten and Haasen 1986, Hetherington et al 
1986, Zhu et al 1986). 

3. ELECTRON MICROSCOPY OF NEW "SUPERMAGNETS" 

The outstanding hardmagnetic properties of permanent magnets based on 
RE-Co/Fe are controlled by the magnetocrystalline anisotropy of the hard 
magnetic phase and by metallurgical factors, such as the chemical compo¬ 
sition, crystal structure and distribution of phases. Besides other ana- 

m 


Fig. 2. In sintered SmCo 1:5 (a) and Nd-Fe-B (b) magnets rare 
inclusions are found which deteriorate the coercivty. 




earth rich 
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lytical techniques, such as chemical analysis, aagnetic Measurements, 
X-ray analysis and X-ray diffraction, electron microscopy is increasingly 
used to characterize such materials after different steps of processing 
(i.e sintering, annealing). Commercially available RE-Co/FE permanent 
magnet materials can be divided into three groups. SmCo 1:5, SmCo 2:17 and 
Nd-Fe-B magnets and are produced by a powder metallurgical process with 
complicated post-sintering heat tratment procedures. The ideal micro¬ 
structure if SmCo 1:5 and Nd-Fe-B magnets, in which the coercivity is con¬ 
trolled by the nucleation field for reversed magnetic domains, consists of 
aligned single-domain SmCos- and NdiFenB-grains , respect¬ 
ively. In fact, analytical electron microscopy shows inclusions and pre¬ 
cipitates of other phases, which deteriorate the magnetic hardness (Figure 
2)(Fidler 1982,1985). The distribution of these RE-rich phases, which are 
magnetic in the case of SmCo 1:5 and non aagnetic in the case of Nd-Fe-B, 
determine the coercivity of the magnet material. The coercivity of SmCo 
2:17 magnets is controlled by the pinning field of aagnetic domain walls 
at a continuous, cellular precipitation structure (Figure 3a) (Fidler et 
al 1983, Hadjipanayis 1984, Livingston 1978, Mishra et al 1981, Rabenberg 
et al 1982). In high coercivity magnets (iHc > 1000 kA/m) the microstruct¬ 
ure consists of three phases, the cell interior phase A, the cell boundary 
phase B and the platelet phase C, whereby the optimum cell size for high¬ 
est coercivity is in the order of 100 to 200 nm. In contrast to this no 
platelet phase is found in low coercivity magnets (iHc < 800 kA/m) and 

high resolution electron microscopy and electron diffraction patterns show 
a high density of microtwins within the cell interior phase A and an 



a high density of microtwins is found within the cell interior phase (b). 


The Foucault micrograph of Figure 4 shows that the cellular precipitation 
structure acts as attractive pinning centre for the magnetic domain walls 
during the magnetization reversal. 


/X<3- 






Fig. 4. Magnetic domain wall pinning at the continuous precipitation 
structure in SmCo 2:17 sintered magnets. 
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The miaostnicture and the coercivity of sintered NejFe m j _„B, j At, (a = 0,2.5) 
permanent magnets are influenced by the A) concentration. In At-containing magnets we 
found a homogeneous distribution of A1 in the hard magnetic phase and the occurrence of an 
intergranular Nd(Fe, Al), phase between the hard magnetic grains. Our analytical TEM study 
revealed that in "Al,0)-doped" magnets the crystal structure of the Nd-rich intergranular 
phase partly changes from fee (a - 0.52 nm) to hep (a = 0.39 nm, c - 0.61 nm), 
whereas the content of iron simultaneously decreases from 5-10 at.% to 1.5-4 at.%. A 
platelet-shaped phase, embedded in the Nd-rich intergranular phase, was determined as a 
Nd s Fe, (B.O), phase. The influence of the microstructure on the coercivity in Al-doped 
magnets is discussed. 


I. INTRODUCTION 

The high magnetocrystalline anisotropy of the 
Nd,Fe M B phase primarily determines the intrinsic coer¬ 
civity of this new class of permanent magnets. It is gen¬ 
erally agreed that the nucleatioc hardening mechanism is 
effective in sintered magnets. 11 The formulae describing 
the coercivity of sintered magnets in general contain 
micromagnetic parameters, which, however, have not been 
related quantitatively to special microstructures so far. In 
fact, microstructunl parameters (distribution of phases, 
chemical composition and crystal structures of phases, 
grain size distribution) and processing parameters (alloy 
preparation, size and shape of grains, alignment of grains, 
sintering and annealing treatments) determine the value of 
the coercive field of sintered magnets. Nd,Fe w B based 
permanent magnets exhibit a complex, multiphase micro¬ 
structure. Optical metallography, microprobe analysis, and 
transmission electron microscopy (TEM) tegether with 
x-ray microanalysis have been used widely to identify this 
multiphase microstructure. 1 ' 13 In accordance with the ter¬ 
nary phase diagram of Nd-Fe-B, 1 * three types of phase 
are found in Nd„Fe„B, sintered magnets, the hard mag¬ 
netic NdjFe„B phase (<#>), the boride Nd (l ,, ) Fe,B 4 phase 
(D), and the intergranular Nd-rich phase (n). Analytical 
electron microscopic investigations have shown that several 
Nd-rich phases with different Nd/Fe ratios are found pref¬ 
erentially at grain boundary junctions and extending along 
grain boundaries in sintered magnets. 1 *' 11 It is fairly well 
known that the coercivity of Nd-Fe-B magnets is in¬ 
creased by the addition of small amounts of Al, Nb, Mg, 
Zr, Ga, and other refractory elements either to the prealloy 
or before sintering. The reason for the significant increase 
of the coercivity (up to 30%) is attributed to micro- 
structural effects, since the magnetocrystalline anisot- 
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ropy decreases slightly. In the so-called "two-phase” 
Nd-Fe-B sintered magnets the boride phase 0 is sup¬ 
pressed by choosing a suitable nominal composition of the 
magnet” in order to decrease the high volume fraction of 
the nonmagnetic phases. 

The present study was undertaken to determine the in¬ 
fluence of the Al-doping on the microstructure and coer¬ 
civity of “two-phase"-Nd J0 Fe n jB t , sintered magnets. TWo 
types of doping have been used: doping of the prealloy 
with Al or adding A1,0, powder to the Nd-Fe-B powder 
before sintering. Changes of the intergranular phases have 
been found to affect the intrinsic coercivity. The increase 
of the coercivity is discussed in terms of the nucleation 

II. EXPERIMENTAL PROCEDURE 

The samples investigated were optimally sintered 
magnets (in the peak aged condition) which were prepared 
by the conventional powder metallurgical processing tech¬ 
nique as described in detail by Schneider." The alloys 
were prepared from 99.8% pure iron, 99.9% pure neo¬ 
dymium, and a ferro-boron master alloy Fe-18.5B wt.%. 
The specimens were arc melted under argon and remelted 
five times to ensure homogeneity. The powder processing 
for the magnets was dooe in glove boxes under a purified 
argon atmosphere. The ingots were crushed to a coarse 
powder and then ground in a vibration ball mill. To avoid 
particles larger than 20 fun the powder was sieved. The 
powder was aligned in a field of 0.5 T perpendicular to 
the pressing direction and was compacted with 500 MPa. 
The compacts were sealed in tubes of lused silica, sintered 
at 1060 °C for I h and annealed at 600 *C for 1 h. The 
magnetic properties were measured in a vibrating sample 
magnetometer. 
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Three different types of sintered magnets were investi¬ 
gated by optical metallography and analytical TEM in order 
to identify the multiphase micros true turn. The composition 
and the intrinsic coercive field H r of the investigated mag¬ 
nets are listed in Table I. In magnet NFB-AI 0.99 wt.fc 
aluminum was added to the prealloy and in magnet NFB- 
AljOj a small amount of Al,Oj (1.48 wt.%) was added to 
the powder before compacting. 

Thin slices were cut from the magnets parallel and 
perpendicular to the alignment direction. The disks for 
electron microscopy were mechanically ground and pol¬ 
ished to a thickness of 100 p.m and finally thinned by ion- 
milling. The specimens were examined in a JEOL 200 CX 
scanning transmission electron microscope (STEM) fitted 
with a LaB, filament, a TRACOR NORTHERN energy 
dispersive x-ray analyzer (EDS) of high take-off angle, 
and a GATAN electron energy loss spectrometer (EELS). 
A beryllium double tilt specimen stage was used to reduce 
background intensities. All x-ray spectra were analyzed 
using the quantitative software program for thin samples. 

III. RESULTS 

The characteristic multiphase microstructure of the 
••two phase" Nd-Fe-B sintered magnet (sample NFB) is 
shown in Fig. 1. Optica] metallography reveals a complex 






NFB 20 73.5 6.5 0.0 776 

NFB-AI 20 71.0 6.5 2.5 1384 

NFB-AIjOj 20 71.2 6.5 2.3 1400 


microstructure of the intergranular phase in grain bound¬ 
ary junctions and between the bright hard magnetic grains 
(<j>), with grain diameters of the order of 10-20 pun. In 
Fig. 1(a) two different intergranular phases (with differ¬ 
ent brightness) occur in die NFB magnet and at least three 
different phases are found in the Al-containing magnets 
[Fig. 1(b)). The black, spherical inclusions shown in 
Fig. 1 are NdjO, and are found in both the ternary NFB 
magnet and in the A1-doped magnets. 

Energy dispersive x-ray microanalysis taken in the 
TEM shows a difference in the A1 content of the hard mag¬ 
netic phase. In both the NFB-AI [Fig. 2(b)) and NFB- 
AljOj magnets an additional AlKA-peak is found in the 
x-ray spectra of the ^ phase compared with that of the ter¬ 
nary NFB magnet [Fig. 2$]. 



FIG. I. Optical monographic micrographs of (a) die NFB magnet and (h) the NFB-AIjOj magnet. Differences in the intergranular phases I 
hard magnetic grains * are visible. In die A1 iO,-doped magnet (b) additional phases occur. 


(4-18-89cb) 
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FIG. 2. Energy dispenive x-i»y spectra from die hard magnetic grains p of (a) the NFB magnet and (b) the NFB-AI magnet. Ahrminum dissolves into 
the hard magnetic phase in the doped magnets NFB-AI and NFB-AI ,0, 


Figure 3 shows a TEM micrograph of the NFB mag¬ 
net. Besides the hard magnetic <f> grain, two intergranular 
phases are visible. Both of them are Nd-rich. The phase 
(nl). with high dislocation density, exhibits the fee crys¬ 
tal structure with a - 0.52 tun, whereas the crystal struc¬ 
ture of the platelet-shaped phase (pi), with a thickness of 
about 0.1 pun and a length of about 1-5 pun, has not yet 
been unambiguously determined. In addition to these two 
phases, a Nd(Fe.AI), phase (al) occurs in the A1-doped 
magnets, NFB-AI and NFB-AI ,Oj. A similar phase was 
found previously by Schrey 15 in Al-containing Nd-Fe-B 
sintered magnets. The Al-containing phase is mostly found 


embedded in the fee Nd-rich (nl) phase, as shown in Fig 4. 
From the lattice fringe image of this phase a crystal lattice 
periodicity of about 1.2 nm was determined. The crystal 
structure and the crystal lattice parameters of this Al-1 
containing phase are unknown at present. The composition 
of this phase is determined from the x-ray spectrum of 
Fig. 5 as Nd(Fe, Al),, Only in the NFB-AI,6, magnet was 
another Nd-rich phase (n2), with the bep crystal struc¬ 
ture (n « 0.39 nm and c = 0.61 nm), detected by electron 
dif&actkm. The TEM micrographs of Fig. 6 and the cor¬ 
responding x-ray spectra of Fig. 7 show the difference 
between the nl phase (fee) and the n2 phase (hep). Besides 
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the highly faulted nl phase the n2 phase, with only in¬ 
dividual dislocations within its interior, is visible in 
Figs. 6(a) and (b), respectively. Figure 7 reveals a remark¬ 
able difference of the x-ray spectra. Phase nl always 
shows a higher Fe content (>4.5 at.St) than phase n2 
<<4.5 at.%). It should be noted that our investigations 
never revealed any Al enrichment of the Nd-rich phases n I 
and n2. This result is in contrast with previously reported 
data, which showed a partial enrichment of Al in the Nd- 
rich intergranular phase. ,5! “ 

The platelet-shaped phase (pi) (Fig. 8) is delected 
in the ternary NFB magnet as well as in the NFB-AI and 


NFB-AIjOj magnets. According to x-ray microanalysis 
(Fig. 9), no Al content was found in the platelets and the 
ratio between Nd:Fe (in at. 9b) was determined to be 
2.5:1. In order to determine the light element content (B 
or O) of this phase EELS investigations were carried out. 
Preliminary results of this study show that the platelet 
phase has a composition of about NdjFe,(B.O),. w Bi¬ 
nary Nd 2 Oj inclusions are randomly spread throughout the 
hard magnetic grains and intergranular grains (Fig. I). 
Figure 10 shows a TEM micrograph of such a polycrystal- 
line, hexagonal NdjO,-inclusion (a = 0.38 nm, c = 
0.60 nm) with a diameter of 350 nm within the hard mag¬ 
netic phase d>, NdjOj-inclusions are found with diameters 
between 20 and 500 nm. 

IV. DISCUSSION AND CONCLUSIONS 

In Nd,Fe, 4 B based sintered magnets the intrinsic coer- 
civity is controlled by the nucleation of reversed magnetic 
domains during the magnetization reversal process. In gen¬ 
eral, in this case the coercive field is given 1 by: 



Here K, is the first anisotropy constant, M, is the sponta¬ 
neous magnetization, and N,„ denotes an effective demag¬ 
netization factor depending on the morphology and the 
microstructurc of <t> grains and intergranular phases. The 
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[a) found by electron diffraction in Nd-Fe-B magnets 


T»ble n. in the NFB-AI magnet the Nd(Fe, AJ),-phase is 
observed besides the Nd-rich phase (nl) as additional inter¬ 
granular phase. In accordance with our result, this phase 
was recently detected as a stable phase in the ternary sys¬ 
tem Fe-Al-Nd by Grieb et al. x In the NFB-AljO, mag¬ 
net a Nd-rich phase without any Al and with the hep 
crystal structure was identified in addition to the phases 
(nl), (al), and (pi). Table in compares the crystal struc¬ 
ture, crystal lattice parameters, and the stability range 
of metallic La and Nd. In Nd,Fe, 4 B sintered magnets 
both Nd-rich phases, the one with fee and the one with 
hep ciystal structure, have so far been identified.*'" The 
metastable (nl) phase is probably stabilized by additional 
elements. Auger electron spectroscopy of in situ fractured 
surfaces and EDS x-ray microanalysis taken with an ultra- 
thin window detector" revealed an oxygen pick-up by this 
phase. Our systematic investigations show that besides 
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hard magnetic grains) and by suppression of nucleation 
sites for reversed domains (surface hardening of hard mag¬ 
netic grains). 
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enced, leading to a higher value of o“. In Al,0,-doped 
sintered magnets the Nd(Fe, Al), phase is formed and free 
oxygen is used to stabilize the hep Nd-rich phase; thus the 
coercive field is further increased compared to the Al- 
doped magnet. 

In conclusion, our TEM analysis indicates that the in¬ 
crease of the coercive field of Nd-Fe-B:(AI; AljOJ sin¬ 
tered magnets has to be attributed to the change of the 


J M. Sagawa, S. Fujimura, H Yamamoto. Y. Mamura. and K. Hirega. 
IEEE Trans. Magn. MAG-20. 1514 (19(4). 

4 I. Fidler. IEEE Tram. Magn. MAG-21. 1955 (1985). 

*N. A. El-Masry. and H. H. Stadefanaier. Mater. Leu. J. 405 (1985). 

*1. Fidler and L. Yang, Proc. /V (at. Symp. on Magnetic Anisotropy and 
Comtoty Ut Rm Eanh-Trwuition Mttal AUayt. edited by K. J. Smut 
(Uaivenity of Dayton. Dayton, OH. 1985), p. 647. 

’K. Hiraga, M. Hirabayaahi. M. Sagawa. aad Y. Matsumra, Jap. J. 
Appl. Fhys. 24. L30 (1985). 

•K. Hrrtga. M. Hinbayasbi. M. Sagawa. mat Y. Matnan. in Ref. 7. 
p. 699. 


constitution and the wettability by the intergranular phases. 
In doped sintered magnets coercivity is increased by a 
higher contiguity of the intergranular region (decoupling of 
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Microstructural investigations of rare earth 
(RE) permanent magnets with a high energy den¬ 
sity product are necessary for a better understand¬ 
ing of the contribution of the microstructure to 
the hard magnetic properties. The application of 
RE-Fe-B based magnets has been limited by the 
low Curie temperature of the hard magnetic phase 
RE 2 Fe 14 B, which results in a high temperature 
dependence of the coercive field. The high irre¬ 
versible thermal losses are reduced and the reversi¬ 
ble temperature coefficient of the remanence B t is 
increased by partial substituting Co for Fe and Dy 
for Nd and adding small amounts of additional 
elements [1-4], The high magnelocrystalline ani¬ 
sotropy at room temperature of the Nd 2 Fe M B 
phase primary determines the intrinsic coercivity 
and substituents such as Dy, which increase the 
anisotropy field, effectively increase the coercive 
field. Another possibility to enhance the coercivity 
is to add a small amount (< 1 wt%) of dopants, 
such as AI, Nb, Zr, Mo, Ga or other refractory 
elements. The influence of the dopants on the 
coercive field is not fully understood, but it is 
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agreed that the increase of coercivity (up to 30%) 
is due to a microstructural effect, since the ani¬ 
sotropy field only changes slightly (mostly 
decreases) [5,6). 

In fact, microstructural parameters (distribu¬ 
tion of phases, chemical composition and crystal 
structures of phases, grain size distribution) and 
processing parameters (alloy preparation, size and 
shape of particles, processing and annealing treat¬ 
ments) determine the value of the c. >erdve field of 
each individual magnet. Four different processing 
techniques for RE-Fe-B magnets are dis¬ 
tinguished: 

• Powdermetallurgical processing (sintering), 

• Process derived from melt-spun materials, 

• Mechanically alloying process, r . 

• Cast/and extrusion process. j / h£t 

RE-Fe-B based permanent magnets exhibit a 
complex, multiphase microstructure. Optical 
metallography, microprobe analysis, transmission 
electron microscopy (TEM) .ogether with X-ray 
microanalysis and field ion' microscopy have been 
used to identify the multiphase microstructure of 
"melt-spun’’ [7-11) and sintermagnels [12-33]. In 
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the present paper the relationship between the 
microstructure of magnets prepared under differ¬ 
ent processing techniques is shown and the in¬ 
fluence of dopants on the microstructure in 
sintermagnets is discussed. 


2. Experimental 

The magnets investigated were commercial 
grade magnets in peak aged condition of the gen¬ 
eral nominal composition Nd l> Fe 77 B t , but pre¬ 
pared under different conditions and partly con¬ 
taining small amounts of dysprosium and of 
dopants (< 1 wt*) such as Al, A1 2 Oj Nb, Zr, Mg 
and Dy 2 Oj, respectively. The intrinsic coerdvities 
of these magnets ranged from 300 to 2500 kA/m. 
The magnets were produced by various producers 
(Hitachi Met., Shin-Elsu Chem. Comp, and 
Sumitomo Spec. Met, Japan, C1SRI Beijing, 
China, Crucible Materials and Unocal, USA) un¬ 
der different processing and post-sintering heat 
treatment conditions. Doped, “two-phase” Nd^ 
FCbuBss'- (Al; AljOj) sintermagnets were pre¬ 
pared by the Max-Planck-Institut fur Metall- 
forschung. Stuttgart, Fed. Rep. Germany and a 
Pr i5 Fe si5f4i« B sjAJ sintermagnet was prepared 
by the Carnegie Mellon University, Pittsburgh, 
USA. A mechanically alloyed Nd-Fe-B magnet 
sample was supplied by Siemens, Erlangen, Fed. 
Rep. Germany J34J. The magnets were studied by 



means of optical metallography, microprobe anal¬ 
ysis and transmission electron microscopy (TEM) 
together with STEM X-ray microanalysis in order 
to identify the multiphase microstructure. The 
specimens were thinned for TEM by electropolish¬ 
ing using a perchloric add-methanol solution and 
by ion milling. Scanning transmission electron 
microscope (STEM) X-ray microanalysts was per¬ 
formed on a JEOL 200 CX analytical microscope 
fitted with a LaBg Filament and a high take off 
angle energy dispersive X-ray analyzer. A beryl¬ 
lium double tilt specimen stage was used to reduce 
background intensities. All X-ray spectra were 
analyzed using the quantitative software program 
for thin specimens. 


3. Microstructure of Nd-Fe-B based magnets 

The analytical electron microscope investiga¬ 
tion of Nd-Fe-B based magnets revealed in all 
magnets the same multiphase microstructure. 
According to the ternary phase diagram Nd-Fe-B 
|35-37] at least three types of phases are found in 
Nd 2 Fe 14 B-based magnets [13,15]: 

(A) the hard magnetic Nd 2 Fe, 4 B phase ($), 

(B) the boride Nd 14c Fe,B 4 phase (,), 

(C) the intergranular Nd-rich phases (n). 

3.1. Microstructure of fine-grained magnets 

Grain size and grain size distribution are im¬ 
portant criteria for the intrinsic coerdvity of the 
final magnet. Depending on the type of the 
processing technique different grain sizes are found 
in the magnet. The average grain size of magnets 
derived from rapidly solidified ribbons (about 50 
nm) is approximately 100-300 times smaller than 
the one of sintered magnets (5-15 |im). Fig 1 
shows a transmission electron micrograph of a 
slightly underquenched “melt-spun”-magnet. The 
uniform microstructure consists only of hard mag¬ 
netic grains, partly separated by a thin layer of a 
Nd-rich phase. Melt-spun materials with maxi¬ 
mum properties do not contain grains of phase 
(i|), individual Nd-rich predpitates or Nd 2 O r in- 
clusions (9,10]. The nominal composition of the 





J FuUer. KG Knoch / TEM of Nd-Fe-B based mafoels 



Fig. 2. Tmunnuioo rfccuoo micrograph of a mechanically 
alloyed Nd-Fe-B magnet. 


starting material and the quenching rate are im¬ 
portant criteria for the precipitation of o-iron and 
Nd-rich phases. In comparison to the “melt-spun” 
and sintered magnets the microstructure of mech¬ 
anically alloyed magnets is similar to the one of 
the “melt-spun” magnets with an average grain 
size between 100 and 500 nm (fig. 2). The micro¬ 
structure of cast and extruded magnets is rather 
unknown, but first investigations show that the 
grain diameters are comparable with the one of 
sintered magnets [38], 

3.2. CoercwUy and microstructure of Nd-Fe-B 
based magnets 

Besides the magnelocrystailine anisotropy of 
the Nd 2 Fe M B-phase, metallurgical factors control 
primarily the intrinsic coercive field of the individ¬ 
ual magnet. The nature of the coerrivity mecha¬ 
nism of the fine-grained magnets (“melt-spun” 
magnets) is not fully understood at present. It 
seems that domain wall pinning processes are 
involved during the magnetization reversal process 
[39J. In the case of coarse-grained magnets 
(sinlermagnets) it is generally agreed that the 
nucleation hardening mechanism is effective 
[39-41], The formulae describing the coercivity of 
sinlermagnets in general contain micromagnetic 
parameters, which, however, were not related 
quantitatively to special microstructures so far. 
The aim of our electron microscopic investigations 


is to determine the microstructural parameters 
affecting the coercivity. The coercive field is indi¬ 
rectly proportional to the grain size, and the ho¬ 
mogeneity of the distribution of the Nd-rich phases 
along grain boundaries can be correlated to the 
coercivity of the final magnet. 

3.3. Microstructure of pinlermagneti M 

In Nd-Fe-B sintermagnets a nonmagnetic layer 
phase between the hard magnetic 4>-grains is de¬ 
sirable in order to increase the expansion field of 
reversed domains and to decrease the coupling 
field between neighbouring grains. Individual 
large, soft magnetic phases in the form of precipi¬ 
tates or inclusions, such as a-Fe or Fe-rich phases, 
cause on extreme deterioration of the intrinsic 
coercive field and have to be avoided [31,33]. In 
principle, small soft magnetic precipitates within 
the ^-grains could act as domain wall pinning 
centres, if the density and size of precipitates were 
optimized. In fact, no sintermagnets with effective 
domain wall pinning were reported so far. 

We have studied extensively the microstructure 
of sintered Nd-Fe-B magnets and our investiga¬ 
tions revealed at least five different types of phases 
in addition to the hard magnetic 4>-phase (see 
table 1) [31]. Several Nd-rich phases with different 
Nd/Fe ratios are found preferentially as inter¬ 
granular phases at grain boundary junctions and 
extending to grain boundaries. Previous TEM 
studies showed [31,42] that two types of grain 
boundaries occur in Nd-Fe-B sintermagnets: 
grain boundaries (GB1) without any intergranular 
phases and grain boundaries (GB2) composed of 
nonmagnetic Nd-rich phases. The schematic draw¬ 
ing of the multiphase structure of fig 3a shows a 
typical microstructure found in Nd-Fe-B 
sintermagnets by TEM. 

Sintering of Nd-Fe-B magnets is determined 
primarily by the liquid phase type of sintering 
mechanism which involves the presence of a low 
melting viscous Nd-rich eutectoid (35-37). Dur¬ 
ing sintering the driving force for densification of 
Nd-Fe-B magnets is the capillary pressure and 
the surface tension. Both surface diffusion along 
grain boundaries and volume diffusion also play 
an important role during densification. Liquid 









Type 


(A) Nd z Fe u B (grains) 

(B) Nd,,.Fe.B, (grams) 
(Q Nd-rich (intergranular) 


Nd-platekt (intergranular) 


NdO, - fee 
NdO.-hcp 
Nd.FejB.0, 
NdjO, - bex 
Fe/Nd-4 
Nd(Fe, Al) z 
dopant-enriched (ptecipiuie) nbl NbFe z 


(D) Fe-rich (Fe-Nd-oxide) 


mol MojFeBj 

(E) a-Fe f bcc 

(F) “impurity" Nd-Ophaaea il 

“ impurity" Nd-P-S phaaea 12 


phase sintering occurs most readily when the liquid 
thoroughly wets the solid particles at the sintering 
temperature. The liquid in the narrow channels 
between the particles results in substantial capil¬ 
lary pressure. The particle size, sintering tempera¬ 
ture and time, the uniformity of particle packing, 
the particle shape and the particle size distribution 
are extremely important parameters. Fine particle 
size powder can be sintered more rapidly and at 
lower temperature than coarser powder. If particle 
packing is not uniform in the pressed “green" 
compact, it will be difficult to avoid porosity 
during sintering. Smaller particles exhibit a higher 
driving force for densificalion (higher capillary 
pressure and higher surface energy) than coarser 



rial increase in the amount of liquid present, but 
on the other hand this causes excessive grain 
growth, which deteriorates the magnetic hardness. 
In order to get a high amount of intergranular 
Nd-rich phases, good wetting between (n>- and 
^phases is favourable. A high dihedral angle be¬ 
tween the ^-grains during the liquid phase sinter¬ 
ing process restrains the liquid phase from 
penetration into the grain boundaries. For a di¬ 
hedral angle over 60° the liquid becomes isolated 
at the triple points between grains and forms a 
continuous network along the three grain junc¬ 
tions (fig. 3b) [43,44]. This is in good agreement 
with our analytical TEM investigations with two 
types of grain boundaries (GB1) and (GB2) in a 
two dimensional section (fig. 4). The high resolu¬ 
tion electron micrograph of a fig. 4a shows two 
hardmagnelic ^-grains without any intergranular 
phase. Depending on the cooling rate and post¬ 
sintering beat treatments various Nd-rich phases 
(n) occur in the magnet Two types of Nd-rich 
intergranular phases with minor Fe-content are 
found. The phase (nl) with a high dislocation 
density (fig. 4b) exhibits a fee crystal structure 
with a - 0.52 nm [12], whereas phase (n2) exhibits 
a hep crystal structure with a -0.39 nm and 
c - 0.61 nm which was determined by electron 
diffraction. Within the interior of the (n2) phase 
only individual dislocations are visible (fig. 4c). 
Analytical TEM investigations reveal a remarka¬ 
ble difference of the X-ray spectra [45]. With 
decreasing Fe content ( < 5 at*) the Nd-rich phase 
changes from the fee (nl) to the hep (n2) crystal 
structure. Doped magnets contain an increased 
amount of the (n2) phase. 

Our TEM investigations occasionally revealed 
Nd-rich intergranular phases with a higher iron 
content than the (nl>-phase and an unknown 
crystal structure [26,31] and also a platelet shaped 
phase with an approximate composition of 
NdjFejG^W embedded in the (nl)-phase [45], 
Polycrystalline, spherical Nd z O,-inclusions are 
found with diameters up to 500 nm within the 
hard magnetic ^-grains as well as embedded in the 
intergranular phase [26,31,45]. 


( 4 - 








3.4. Effect of dopants on the microstructure of 
sintermagnets 

If dopants are added to the prealloy or before 
sintering (in the form of oxides) the microstruc- 
ture is affected in a twofold way: 

1. Precipitation within the hard magnetic t-phase. 

2. Formation of new intergranular phases. 

The dopant element is always found to replace the 
Fe-sites in the hard magnetic ^-grains. Energy 
dispersive X-ray microanalysis shows an ad¬ 
ditional AlKa-peak in the X-ray spectrum of the 
^-phase (fig. Sa). A low solubility of the dopant 
element at sintering temperature leads to the for¬ 
mation of precipitates enriched by the dopant, 
such as in the case of Nb, Mo and Zr [30,32,46]. 
In Al-doped sintermagnets no such precipitation 
has been found. In order to decrease the dihedral 
angle and therefore to increase the amount of 
intergranular phases separating the hard magnetic 
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Fig. 6. Flection micrograph of an AI-doped Nd-Fe-B magnet showing a hard magnetic g-grain and inlergramiUr phasa 
(ai). The iallicc fringe contrast within the (alFpbase corresponds to an interplanar spacing of about U-M tun. 


^-grains, the formation of new intergranular phases 
positively influence the coerdvity [47]. The coer- 
dvity of Nd-Fe-B sinteimagneu is increased by 
adding small amounts of Al or A1 2 0 } . Our study 
of such doped materials revealed a high amount of 
an Al-containing phase (al). From X-ray micro- 
analysis (fig. 5b) we determined the composition 
of this phase as Nd(Fe, A!)j, which is in accor¬ 
dance with Grieb et al., who detected this phase as 
a stable phase in the ternary system Fe-Al-Nd 
[48]. The high resolution electron micrograph of 
fig. 6 shows such an (al)-phase embedded between 
^-grains and (nl)-phases. The crystal structure 
and the crystal lattice parameters of this Al-con¬ 
taining phase are unknown at present. From the 
lattice fringe image of this phase a crystal lattice 
periodicity of about 1.2-1.4 nm was determined. 
It should be mentioned that our investigations 
never revealed any Al-enrichment of the Nd-rich 
phases (nl) and (n2) [45]. Fig. 7 shows the X-ray 
spectrum of phase (nl) of a Nd-Fe-B :AI 
sintermagnel (fig. 7a) and the spectrum of the 
Pr-rich phase of a Pr-(Fe, Co)-B: Al magnet (fig. 
7b). This result is in contrast with previously 


reported data, which showed a partial enrichment 
of Al in the Nd-rich intergranular phase [23,28]. 

Parker et al. reported on Nb-predpitation 
within the ^-grains in Nb-doped (Nd, Dy)-Fe-B 







magnets [30], Two types of precipitates have been 
identified: the Laves phase type NbFej having a 
MgZn 2 structure (a-4.82 nm and c-7.87 nm) 
and the FeNbB-phase. The electron micrograph 
and the inserted X-ray spectrum of fig 8 show 
incoherent, spherical NbFe^preripitates with di¬ 
ameters in the order of 100 nm within a $-grain. 
Zirconium additions result in three different, partly 
coherent Zr-rich or Zr-containing precipitates 
within the ^-grains |32). Fig. 8b shows such 
needle-shaped and spherical precipitates. A simi¬ 
lar precipitation behaviour was reported in Mo- 
doped Nd-(Fe, Co)-B magnets (46J. 


Other Fe-rich phases and a-Fe precipitates 
within the Nd 2 Fe )4 B-grains were found in several 
magnets with decreased coercivity [26,31]. Such 
phases are probably byproducts of an oxidation 
process [49.50]. 


4. Conclusions 

Our TEM analysis performed indicates that in 
Nd 2 Fe 14 B based sintermagnets the intrinsic coer¬ 
civity is controlled by the nudeation of reversed 
magnetic domains during the magnetization rever¬ 
sal process and that the increase of the coercive 
field of doped sintermagnets has to be attributed 
to the change of the constitution and the wettabil¬ 
ity by the intergranular phases. The general for¬ 
mula describing the coercive field in the case of 
domain wall nudeation contains two microstrucl- 
ural parameters [40]: a f , which describes the mag¬ 
netic decoupling and misalignment of ^-grains 
and aJJ“, which describes the effect of the in¬ 
homogeneity of the magnetocrystalline anisotropy 
on the nudeation fidd. The increase of the coer- 
cive fidd of the doped magnets Nd 2 Fe 14 B: (Al; 
A1 2 Oj) is attributed to the presence of NdfFe, Al) 2 
and hep Nd-rich phases, because no change of the 
morphology and microstructure of the foe Nd-rich 
phase (nl) is observed (no Al content). An in¬ 
creased welting due to these phases results in a 
higher volume fraction of grain boundaries con¬ 
taining an intergranular phase, which increases the 
magnetic decoupling factor The smoothness of 
the surface of the hard magnetic ^-grains during 
the liquid phase sintering process is influenced by 
the dopant, leading to a higher value of aj“. In 
Al 2 Oj-doped sintermagnets the Nd(Fe, Al) 2 phase 
is formed and free oxygen is used to stabilize the 
hep Nd-rich phase, thus the coercive fidd is fur¬ 
ther increased compared to the Al-doped magnet 
[47]. A similar effect was found in E>y 2 Oj-doped 
sintermagnets [51]. 

It seems that the microstructure of doped 
ternary Nd-Fe-B magnets is fairly well under¬ 
stood, but in order to explain the contribution of 
the complex, multiphase microstructure of doped 
(Nd, Dy)-Fe-B and (Nd, Dy)-(Fe. Co)-B 
sintermagnets (with an increased number of new 
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phases [21,29]) to the coercivity, more systematic 
microstmctural (TEM) investigations will have to 
be undertaken. 
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Abstract: 

Rare earth permanent magnets exhibit a complex, multiphase 
microstructure, which in fact controls besides the magneto¬ 
crystalline anisotropy the coercivity of the magnets. For the 
development of new hardmagnetic materials the exact knowledge of 
the microstructire is important for a better understanding of the 
coercivtiy mechanisms of the materials (nucleation or pinning). 
Metallography and transmission electron microscopy has widely 
been used to characterize the complex microstructure. 


1. INTRODUCTION 

Modern permanent magnets are based on rare earth-transition 
metal intermetallic compounds with hexagonal or tetragonal 
crystal symmetry and exhibiting rather large uniaxial magnetic 
anisotropy, such as SmCo5, Sm2Col7 and RE2Fel4B, with RE=Nd, Pr, 
Dy and Tb. The condition of high maonetocrvstalline anisotropy 
is necessary, but not sufficient in order to achieve good 
permanent magnetic properties. The microstructure of the magnet 
is another factor controlling the hardmagnetic properties, i.e. 
the coercivity. Two different mechanisms, explaining the 
coercivity, are distinguished: 

(a) Pinning of magnetic domain walls 

(b) Nucleation and expansion of reversed magnetic domains 

The occurance of nucleation or pinning depends on the microstruc¬ 
ture of the magnet. In modern permanent magnets the values of the 
hardmagentic properties, such as the coercivity are in practice 
only 10 - 40 % of the theoretical limits. Several micromagnetic 
theories to explain the coercivity have been developed [1,2]. All 
of these theories are based on a two-dimensional "model-micro¬ 
structure" and determine the equilibrium state of lowest free 
energy. Empirical microstructural parameters have been deduced 
from these theories, such as describing the magnetic decoupling 
and misalignment of hardmagnetic grains or describing the effect 
of inhomogeneity of the magnetocrystalline anisotropy on nucleat¬ 
ion and pinning, or the local demagnetization factor, which has 
been partly correlated to the grain size of the material, and 
other parameters. 

The real microstructure influences or in some cases determines 
the coercivity. Microstructural investigations of rare earth (RE) 
permanent magnets with a high energy density product are neces¬ 
sary for a better understanding of the contribution of the micro¬ 
structure to the hardmagnetic properties. In fact, microstruct¬ 
ural parameters and processing parameters, such as: 
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(a) distribution of phases 

(b) chemical composition and crystal structures of phases 

(c) grain size distribution 

(d) size and shape of particles 

(e) processing and annealing treatments 

determine the value of the coercive field of each individual 
magnet. 

The purpose of this paper is to show the difference of 
transmission electron microscopic (TEM) results of a pinning 
controlled Sm(Co,Fe,Cu,Zr)7.s magnet and a nucleation controlled 
Nd-Fe-B magnet. In the light of the historical development of 
permanent magnetic materials the improvment of the coercivity is 
closely related with a better microstructural understanding of 
the mechanisms leading to higher coercive forces. 


2. MICROSTRUCTURE OF Sm(Co,Fe,Cu,Zr) 7 ■n SINTERED MAGNETS 

Copper containing RE-cobalt magnets with a nominal composition 
of Sm(Co,Fe,Cu,TM)6-a with TM=Zr,Ti or Hf show a fine scale, 
cellular microstructure [3-7]. Rhombic cells of the type 
Sm 2 (Co,Fe)w rhomb. - phase A - are separated by a 
Sm(Co,Cu,TM)a -7 cell boundary phase - phase B (Fig.la). In 
magnets with high coercivities thin platelets - phase C - are 
found perpendicular to the hexagonal c-axis (Fig.la). Our high 
resolution electron microscope investigations (Fig.lc) show that 
the crystal structure of the platelet phase C is close to the 
hexagonal Situ Coi i structure with a c-crystal parameter of 0.8 
nm. This is in agreement with metallurgical considerations on 
the formation of various phases in sintered SmCo 2:17 magnets by 
A.E. Ray [8-10]. Remarkable for high coercivity SmCo 2:17 magnets 
is also the observed twinning within the rhombohedral 2:17-cell 
interior phase. Twin boundaries may coincide with the platelet 
phase but also occur within the rhomb. 2:17-phase (Fig.l.c). 

From our investigations it is obvious that there are different 
reasons for low coercivities. Since in precipitation hardened 
SmCo 2:17 magnets the cellular precipitation structure acts as 
attractive pinning centre for magnetic domain walls during the 
magnetization reversal (Fig.2) [11,12], the size, the composition 
and the completeness of the continuus cellular precipitation 
structure control the coercivity. The platelet phase (C) predo¬ 
minately acts as diffusion path for the chemical redistribution 
process during the post-sintering heat treatments and is favour¬ 
able for the formation of the cell boundary phase of the 1:5- 
ordered type or 1:7- disordered type. Figure 3 shows an electron 
micrograph of a magnet with 23.9 wt% nominal Sm-content. A high 
density of the platelet phase is shown, but due to the lack of 
samarium the formation of the cell boundary phase is poor leading 
to an intrinsic coercivity of 250 kA/m. Impurities, primarily 
such as oxygen and carbon, lead to the formation of macroscopic 
precipitates of SnuOa, ZrC, Tie etc.. A high amount of these 
phases in the magnet impedes the formation of the platelet phase 
and the cellular precipitation structure. It has been shown [13] 
that small amounts of Zr, Ti or Hf are necessary for the 
formation of the platelet phase (C). 
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(1) Powdermetallurgical sintering-process 
large grain size (up to 15 m) 
multiphase microstructure 

(2) Process derived from melt-spun materials (MQ I, II, III) 
small grain size (50 nm) 

"two-phase microstructure" 

(3) Mechanically alloyed magnets (MM I, II, III) 
small and medium grain size (50 - 500 nm) 
multiphase microstructure 

(4) Cast, hot pressed or extruded magnets 

grain size and microstructure similar to (1)? 

Depending on the processing technique RE-Fe-B based permanent 
magnets exhibit a complex, multiphase microstructure. Optical 
metallography, microprobe analysis, transmission electron 
microscopy together with X-ray microanalysis and field ion 
microscopy have been used to characterize the complex multiphase 
microstructure of Nd 2 Fei< B based permanent magnets so far. The 
grain size of the magnets also strongly dep ds on the processing 
technique. The electron micrographs of Fig.* show the micro¬ 
structure of fine-grained magnets, prepared by melt-spinning 
technique (Fig.4a) and prepared by the mechanically alloying 
process (Fig.4b). The microstructure of cast, hot pressed and 
extruded magnets is rather unknown, but first investigations show 
that the grain diameters are comparable with the one of sintered 
magnets [16]. Our study of sintered magnets revealed at least 


Table 1: Phases found in Nds Fei<B - based permanent magnets 


TYPE 

PHASE 

MARK 

COMPOSITION/ 

STRUCTURE 

(A) 

Nd 2 FeteB (grains) 

0 

tetr. 

(B) 

Nd<i«e)Fee Be (grains) 

n 

tetr. 

’Z) 

Nd-rich (intergranular) 

nl 

NdO? - fee 



n2 

NdO? - hep 


Nd-platelet (intergranular) 

Pi 



Nd-oxide (precipitate) 


Nds Os - hex 

(D) 

Fe-rich 

fn 

Fes Nd - an. or 


Fe-rich (Fe-Nd-Oxide) 

to 

Fe/Nds4 


dopant-enriched (intergranular) 

al 

Nd(Fe,Al)s 


dopant-enriched (precipitate) 

nbl 

NbFes 



nb2 

zrl-3 

NbFeB 



mol 

Mos FeBz 

(E) 

a-Fe 

f 

bcc 

(F) 

"impurity" Nd-Cl phases 
"impurity" Nd-P-S phases 

il 



i2 
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five different types of phases in addition to the hardmagnetic 
O-phase (see Table 1) [17] . Several Nd-rich phases with different 

Nd/Fe ratios are found preferentially as intergranular phases at 
grain boundary junctions and extending to grain boundaries. 
Previous TEM studies showed [17,18] that two types of grain 
boundaries occur in Nd-Fe-B sintermagnets: grain boundaries (GB1) 
without any intergranular phases and grain boundaries (GB2) 
composed of nonmagnetic Nd-rich phases. The micrographs of Fig.5 
show the typical microstructure of found in Nd-Fe-B sintered 
magnets. In Fig.5.a the O-grains are separated by no intergra¬ 
nular phase and in Fig.5.b the 0-grains are separated by an fee 
Nd-rich (nl)-phase. Two types of Nd-rich intergranular phases 
with minor Fe-content are found. The phase (nl) with a high 
dislocation density (Fig.6) exhibits a fee crystal structure with 
a=0.52 nm [12], whereas phase (n2) exhibits a hep crystal 
structure with a=0.39 nm and c=0.61 nm which was determined by 
electron diffraction. Within the interior of the (n2) phase only 
individual dislocations are visible (Fig.6). Analytical TEM 
investigations reveal a remarkable difference of the X-ray 
spectra [19]. With decreasing Fe content (< 5 at.%) the Nd-rich 
phase changes from the fee (nl) to the hep (n2) crystal 
structure. Al-doped magnets contain an increased amount of the 
(n2) phase. 



Fig.6: Different Nd-rich phases occur within the intergranular 
region between hardmagnetic O-grains. 


Our TEM investigations occasionally revealed Nd-rich 
intergranular phases with a higher iron content than the 
(nl)-phase and an unknown crystal structure [20,17] and also a 
platelet shaped phase with an approximate composition of 
NdsFeaBtO? (pi) embedded in the (nl)-phase [19]. Polycrystalline, 
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spherical Nd 2 Oa-inclusions are found with diameters up to 500 nm 
within the hardmagnetic O-grains as well as embedded in the 
intergranular phase. 

If dopants are added to the prealloy or before sintering in 
order to increase the coercive field, the microstructure is 
affected in the following way: 

(1) the dopant is dissolved in the hardmagnetic ®-phase 
(changing the magnetocrystalline anisotropy ?) 

(2) precipitation within <t>-grains: Nb, Zr, Mo .... 

(possibly domain wall pinning?) 

(3) formation of new intergranular phases: A1, Nb, Mo .... 
(influences wettability and therefore magnetic coupling of 
grains) 

In the case where the solubility of the dopant is low at 
sintering temperature (Nb,Mo,Zr), precipitates are formed within 
the O-phase [21-23]. The electron micrograph and the inserted 
X-ray spectrum of Fig.7 show incoherent, spherical NbFe 2 -precipi¬ 
tates with diameters in the order of 100 nm within a <t>-grain. 



Fig.7: Electron micrograph and x-ray spectrum of incoherent 
spherical NbFet -precipitates within a O-grain in a 
Nb-doped sintered magnet. 


Dopants also form new intergranular phases and influence the 
wetting of the liquid phase and the smoothness of the surface of 
the O-grains during sintering and therefore affect the coercivity 
[18,19]. In Al-doped Nd-Fe-B sintered magnets A1 is always found 
to replace the Fe-sites in the hardmagnetic O-grains. Energy 
dispersive X-ray microanalysis shows an additional AlKa-peak in 
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the X-ray spectrum of the O-phase (Fig.8a). In order to decrease 
the dihedral angle and therefore to increase the amount of 
intergranular phases separating the hardmagnetic O-grains the 
formation of new intergranular phases positively influence the 
coercivity. The coercivity of Nd-Fe-B sintermagnets is increased 



Fig.8: Electron micrograph and X-ray spectra of an Al-doped 

sintered magnet, showing the occurance of a Nd(Fe,Al)z- 
phase (al) within the intergranular region between O-grains. 


by adding small amouts of Al or AleOj . Our study of such doped 
materials revealed a high amount of an Al-containing phase (al). 
From X-ray microanalysis (Fig.8b) we determined the composition 
of this phase as Nd(Fe,Al)*, which is in accordance with Grieb et 
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al. [24], who detected this phase as stable phase in the ternary 

system Fe-Al-Nd. The electron micrograph of Fig.8c shows such an 
(al)-phase embedded between 4>-grains and (nl)-phases.The crystal 
structure and the crystal lattice parameters of this Al-contain- 
ing phase are unknown at present. From the lattice fringe image 
of this phase a crystal lattice periodicity of about 1.2-1.4 nm 
was determined. It should be mentioned that our investigations 
never revealed any Al-enrichment of the Nd-rich phases (nl) and 
(n2). This result is in contrast with previously reported data, 
which showed a partial enrichment of Al in the Nd-rich inter¬ 
granular phase [25,26], 

In RE-Fe-B magnets a nonmagnetic layer phase between the 
O-grains is desirable in order to increase the expansion field of 
reversed domains and to decrease the coupling field between 
neighbouring grains. Individual large, softmagnetic phases in the 
form of precipitates or inclusions, such as a-Fe or Fe- rich 
phases, extremely deteriorate the coercive field and have to be 
avoided. In principle, small precipitates within the O-grains 
could act as domain wall pinning centres, if density and size of 
precipitates were optimized. In fact, no sintered RE-Fe-B magnet 
with effective domain wall pinning was reported so far. 

4. CONCLUSION 

As long as the coercivity of an individual magnet cannot be 
calculated or predicted by the micromagnetic theories, micro- 
structural investigations are necessary to show the difference 
between the real, three-dimensional micfostructure of the mater¬ 
ial and the "model-microstructure". The aim of ail microstruct- 
ural investigations is to get at least a qualitative characteri¬ 
zation and, in the future, a quantitative description of the real 
microstructure. The main hindrance for the quantitative descrip¬ 
tion is the inhomogeneity of the microstructure of rare earth 
permanent magnets. 

Besides cnemical analysis. X-ray analysis and magnetic mea¬ 
surements also metallography together with anaylitical electron 
microscopy (AEM) and high resolution electron microscopy (HREM) 
is necessary for a better understanding of the mechanisms leading 
to high coercivities in rare earth permanent magnet materials. 
These investigations are only useful if they are accompanied by 
phase-diagram and phase relation studies. 
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ABSTRACT 

The complex, multiphase microstructure and the 
coercivity of Ndz Fei< B based sintered magnets is influenced by 
doping the magnet. In doped sintered magnets the dopant is 
dissolved in the hardmagnetic O-phase. If the solubility of 
the dopant is low, precipitates are formed within the «-phase. 
Dopants also form new intergranular phases and influence the 
wetting of the liquid phase and the smoothness of the surface 
of the O-grains during sintering. The increase of 1 He by 
dopants such as A1, Ala 0*, DyaOa, Nb, Mo, Zr and Ga will be 
discussed. 


INTRODUCTION 

In sintered Nd2Fel4B-based permanent magnets the 
coercivity is in practice only 20 - 40 % of the theoretical 
limits. Several micromagnetic theories to explain the coer¬ 
civity have been developed 1 • * > . All of these theories are 
based on a two-dimensional "model-microstructure” and deter¬ 
mine the equilibrium state of lowest free energy. Empirical 
microstructural parameters have been deduced from these 
theories, such as describing the magnetic decoupling and 
misalignment of hardmagnetic grains or describing the effect 
of inhomogeneity of the magnetocrystalline anisotropy on 
nucleation and pinning, or the local demagnetization factor, 
which has been partly correlated to the grain size of the 
material, and other parameters. 

Tb Application of RE-Fe-B based magnets has been 
limited by low Curie temperature of the hard magnetic 
phase REiFei<B, which results in a high temperature dependence 
of the coercive field. The high irreversible thermal losses 
are reduced and the reversible temperature coefficient of the 
remanence B r is increased by partial substituting Co for Fe 
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and Dy for Nd and adding small amounts of additional elements. 
The high magnetocrystalline anisotropy at room temperature of 
the Nd* Fei4 B (9)-phase primarily determines the intrinsic 
coercivity and substituents such as Dy, which increase the 
anisotropy field, effectively increase the coercive field. A 
high magnetocrystlline anisotropy is a necessary, but is not a 
sufficient condition in order to achieve high coercive fields. 
The real microstructure influences or in some cases determines 
the coercivity. Another possibility to enhance the coercivity 
is to add a small amount (<1 wt.%) of dopants, such as Al, Nb, 
Zr, Mo, Ga or other refractory elements. The influence of the 
dopants on the coercive field is not fully understood, but it 
is aggreed that the increase of coercivity (up to 30%) is due 
to a microstructural effect, since the anisotropy field only 
sligthly changes (mostly decreases) *•«>. 

The present study was undertaken to show the 
influence of dopants, in particular of Al-dotation on the 
microstructure and coercivity of Nd* Fei<B based sintered 
magnets.The real microstructure influences or in some cases 
determines the coercivity. 


EXPERIMENTAL PROCEDURE 

The samples investigated were optimized sintered 
magnets (in the peak aged condition) which were prepared by 
conventional powder metallurgical processing technique as 
described in detail in »••>. Three different types of sintered 
magnets were investigated by optical metallography and 
analytical TEM in order to identify the multiphase 
microstructure. The nominal composition of the magnet NFB 
without dotation was Nd* oFa*i.sBt.i. In magnet NFB-A1 0.99 
wt.% aluminium was added to the prealloy and in magnet 
NFB-AliO* a small amount of A1*0* (1.48 wt.%) was added to the 
powder before compacting. The coercive field Hie was incresed 
by dodation from 776 kA/m (NFB) to 1380 ka/m (NFB-A1) and 1400 
kA/m (NFB-AlxOa), respectively. The magnets were examined in a 
JEOL 200 CX scanning transmission electron microscope (STEM) 
fitted with a LaBt filament, a high take off-angle energy 
dispersive X-ray analyzer (EDS) and a GATAN electron energy 
loss spectrometer (EELS). A beryllium double tilt specimen 
stage was used to reduce background intensities. All X-ray 
spectra were analyzed using the quantitative software program 
for thin samples. 


RESULTS 

In Nd-Fe-B sintered magnets a nonmagnetic layer 
phase between the hardmagnetic O-grains is desirable in order 
to increase the expansion field of reversed domains and to 
decrease the coupling field between neighbouring grains 
originated by magnetic stray fields. Individual large, 
softmagnetic phases in the form of precipitates or inclusions, 
such as a-Fe or Fe-rich phases, extremely deteriorate the 
intrinsic coercive field and have to be avoided »••>. In 
principle, small softmagnetic precipitates within the 9-grains 





could act as domain wall pinning centres, if the density and 
size of precipitates were optimized. 


Table 1: Phases found in Ndi Fei <B - based permanent magnets 


TYPE 

PHASE 

MARK 

COMPOSITION/ 




STRUCTURE 

(A) 

NdsFei < B (grains) 

« 

tetr. 

(B) 

Nd< i« ■ > Fe« B< (grains) 

n 

tetr. 

(C) 

Nd-rich (intergranular) 

nl 

NdOi - fee 



n2 

NdO? - hep 


Nd-platelet (intergranular) 

Pi 

Nda Fei B« Or 


Nd-oxide (precipitate) 

no 

NdiOi - hex 

(D) 

Fe-rich 

fn 

Fei NdB? 0» 


Fe-rich (Fe-Nd-Oxide) 

fo 

Fe/Nd=4 


dopant-enriched (intergranular) 

al 

Nd(Fe,Al)i 


dopant-enriched (precipitate) 

nbl 

NbFei 



nb2 

NbFeB 



zrl-3 




mol 

Moi FeBt 

(E) 

a-Fe 

f 

bcc 

(F) 

"impurity” Nd-Cl phases 

il 



"impurity" Nd-P-S phases 

i2 



In fact, no sintered Nd2Fel4B-based magnets with effective 
domain wall pinning were reported so far. 

We have extensively studied the microstructure of 
sintered Nd-Fe-B magnets and our investigations revealed at 
least five different types of phases in addition to the 
hardmagnetic 4>-phase (see Table 1) 7 >. Several Nd-rich phases 
with different Nd/Fe ratios are found preferentially as 
intergranular phases at grain boundary junctions and extending 
to grain boundaries »>. Previous TEM studies showed t,io,h> 
that two types of grain boundaries occur in Nd-Fe-B 
sintermagnets: grain boundaries (GB1) without any 
intergranular phases and grain boundaries (GB2) composed of 
nonmagnetic Nd-rich phases. The electron micrograph of Fig. 1 
shows a typical microstructure of the intersection of three 
hardmagnetic o-grains found in Nd-Fe-B:XI sintered magnet by 
TEM. The triple grain boundary junction is filled with a 
Nd-rich phase (nl). Two types of Nd-rich intergranular phases 
with minor Fe-content are found. The phase (nl) with a high 
dislocation density (Figs.l and 2a) exhibits a fee crystal 
structure with a-0.52 nm 1,1 , whereas phase (n2) exhibits a 
hep crystal structure with a=0.39 nm and c*»0.61 nm which was 
determined by electron diffraction ‘> . Within the interior of 
the (n2) phase only individual dislocations are visible 
(Fig.2). Analytical TEM investigations reveal a remarkable 
difference of the X-ray spectra (Fig.2b and 2c). With 
decreasing Fe content (< 5 at.%) the Nd-rich phase changes 
from the fee (nl) to the hep (n2) crystal structure. 




Fig-1: Electroi^nicMgrapI^»ho"in^th^graTnbounda^^Tte^^™ 
section of three O-grains filled by the (nl)-phase. 

Our TEM investigations occasionally revealed Nd-rich 
intergranular phases with a higher iron content than the 
(nl)-phase and an unknown crystal structure *•*> and also a 
platelet shaped phase (pi) with an approximate composition of 
NdsFe 2 B«0? embedded in the (nl)-phase (Fig.2a) •>. Polycry¬ 
stalline, spherical NdjOa-inclusions with diameters up to 500 
nm are always present within the hardmagnetic O-grains as well 
as embedded in the intergranular phase * > 7 • 5 > . 

If dopants are added to the prealloy or before 
sintering (in the form of oxides) in order to increase the 
coercive field, the microstructure is affected in a threefold 
way: 

(1) the dopant is dissolved in the hardmagnetic O-phase 
(changing the magnetocrystalline anisotropy ?) 

(2) precipitation within O-grains: Nb, Zr, Mo .... 

(possibly domain wall pinning?) 

(3) formation of new intergranular phases: A1, Nb, Mo .... 
(influences wettability and therefore magnetic coupling 
of grains) 

The dopant element is always found to replace the 
Fe-sites in the hardmagentic o-grains. Energy dispersive X-ray 
microanalysis shows an additional MKo-peak in the X-ray 
spectrum of the 0-phase (Fig.3a). A low solubility of the 






dopant element at sintering temperature leads to the formation 
of precipitates enriched by the dopant, such as in the case of 
Nb, Mo and Zr . In Al-doped sintermagnets no such 

precipitation has been found. Parker et al. ,3 > reported on 
Nb'precipitation within the 4>-grains in Nb-doped (Nd,Dy)-Fe-B 
magnets. Two types of precipitates have been identified: the 
Laves phase type NbFea having a MgZns structure (a=4.82 nm and 
c=7.87 nm) and the FeNbB-phase, Zirconium additions result in 
three different, partly coherent Zr-rich or Zr-containing 




precipitates within the 4>-grains ‘ A similar precipitation 
behaviour was reported in Mo-doped Nd-(Fe,Co)-B magnets 19 >. 

Dopants also form new intergranular phases and 
influence the wetting of the liquid phase and the smoothness 
of the surface of the *-grains during sintering and therefore 
affect the coercivity *•“>. The coercivity of Nd-Fe-B 
sintered magnets is increased by adding small amouts of A1 or 
AI 2 Os. Our study of such doped materials revealed a high 
amount of an Al-containing phase (al). From X-ray micro¬ 
analysis (Fig.3b) we determined the composition of this phase 



Fig.3: Electron micrograph and X-ray spectra of an Al-doped 
sintered magnet showing the occurence of a 
Nd(Fe,Al)2-phase (al) within the intergranular region 
between O-grains. 








as Nd(Fe,Al) 2 , which is in accordance with Grieb et al.‘ T >, 
who detected this phase as stable phase in the ternary system 
Fe-Al-Nd. The high resolution electron micrograph of Fig.3c 
shows such an (al)-phase embedded between e-grains and 
(nl)-phases.The crystal structure and the crystal lattice 
parameters of this Al-containing phase are unknown at present. 
From the lattice fringe image of this phase a crystal lattice 
periodicity of about 1.2-1.4 nm was determined. It should be 
mentioned that our investigations never revealed any 
Al-enrichment of the Nd-rich phases (nl), (n2) and (pi) •>. 
Figure 2b and 2c show the X-ray spectra of phases (nl) and 
(n2) of a Nd-Fe-B:Al sintered magnet. This result is in 
contrast with previously reported data, which showed a partial 
enrichment of Al in the Nd-rich intergranular phase >*•»•> . 

Other Fe-rich phases and a-Fe precipitates within 
the NdzFei4B- grains as well as in Nd-rich intergranular 
regions were found in several magnets with decreased 
coercivity 7 •*» . Such phases are probably byproducts of an 
oxidation process . 


DISCUSSION 

Sintering of Nd-Fe-B magnets is primary determined 
by the liquid phase type of sintering mechanism which involves 
the presence of a low melting, viscous Nd-rich eutectoid 
**■**>. During sintering the driving force for densification 
of Nd-Fe-B magnets is the capillary pressure and the surface 
tension. Both, surface diffusion along grain boundaries and 
volume diffusion play also an important role during 
densification. Liquid phase sintering occurs most readily when 
the liquid thoroughly wets the solid particles at the 
sintering temperature. The liquid in the narrow channels 
between the particles results in substantial capillary 
pressure. The particle size, sintering temperature and time, 
the uniformity of particle packing, the particle shape and the 
particle size distribution are extremely important parameters. 
Fine particle size powder can be sintered more rapidly and at 
lower temperature than coarser powder. If particle packing is 
not uniform in the pressed "green" compact, it will be 
difficult to avoid porosity during sintering. Smaller 
particles exhibit a nigher driving force for densification 
(higher capillary pressure and higher surface energy) than 
coarser particles. The rate of liquid phase sintering is 
strongly affected by the sintering temperature. A small 
increase in temperature results in a substantial increase in 
the amount of liquid present, but on the other hand this 
causes excessive grain growth, which deteriorates the magnetic 
hardness 

Densification during the liquid phase sintering 
process depends on two important parameters, the contact 
(wetting) angle and the dihedral angle. Generally, better 
liquid phase sintering is associated with smaller values of 
both angles 14 >. The wetting angle is a characteristic 
parameter which describes the balance between the interfacial 
energies of liquid, solid and vapor phases. Knoch et al.**> 
showed that the wetting angle is in the order of < 8° and 





decreased with increasing Al-content of the magnet. In order 
to get a high amount of intergranular phases good wetting 
between intergranular and O-phases is favourable. The dihedral 
angle is formed where a solid-solid grainboundary intersects 
the liquid and is important to the microstructure of 
polycrystalline grains and to the contact of e-grains in the 
liquid phase. In first approximation the dihedral angle is 
estimated from the two-dimensional section of the three phase 
junction (Fig.l) to be in the order of 20° at one corner. A 
high dihedral angle between the O-grains during the liquid 
phase sintering process retains the liquid phase from 
penetration into the grain boundaries. For a dihedral angle 
over 60° the liquid becomes isolated at the triple points 
between grains and forms a continuous network along the three 
grain junctions 14 >. From our investigations we conclude that 
the constitution of the intergranular region is inhomogeneous 
and consists of several phases with different composition. 

This is in good agreement with our analytical TEM 
investigations with two types of grain boundaries (6B1) and 
(GB2) in a two dimensional section 11 >. Depending on the 
cooling rate and post-sintering heat treatments various 
Nd-rich phases (n) occur in the magnet. The formation of new 
intergranular phases positively influence the coercivity, 
because the contact angle and the dihedral angle are decreased 
leading to a higher voulume fraction of intergranular phases, 
which separate the hardmagnetic e-grains 18 > . In KdxFei4B 
sintermagnets both Nd-rich phases, the one with fee (nl) and 
the one with hep (n2) crystal structure have been identified, 
so far »*.*»-*•>. The metastable (nl) phase is probably 
stabilized by additional elements. Our EELS investigations 
show an oxygen pick-up of this phase which is in accordance 
with Auger electron spectroscopic results of in situ fractured 
surfaces and EDS X-ray micronalytic results taken with an 
ultrathin window detector 18 >. Our systematic investigations 
show that besides oxygen also a small amount of Fe must be 
considered as stabilizing factor. With decreasing Fe content 
(< 5 at.%) the Nd-rich phase changes from the fee to the hep 
crystal structure. 

The increase of the coercive field of the doped 
magnets NdxF.iiB:(Al;AliO*) is attributed to the presence of 
Nd(Fe,Al)* and hep Nd-rich phases, because no change of the 
morphology and microstructure of the fee Nd-rich phase (nl) is 
observed (no A1 content). For the explanation of the increased 
coercivity two effects are essential: First, there is a better 
wettability of these phases compared to the fee Nd-rich phase, 
thus the volume fraction of grain boundaries containing an 
intergranular phase is increased, which leads to a an 
increased magnetic decoupling e-grains. Second, the smoothness 
of the surface of the hardmagnetic e-grains during the liquid 
phase sintering process is influenced. A similar effect was 
found in Dy* 0*-doped sintered magnets 8 0 > . 

In conclusion our TEM analysis performed indicates 
that the increase of the coercive field of doped 
NdxFei«B-based sintered magnets, in particular of Al-doped 
magnets, has to be attributed to the change of the 
constitution and the wettability by the intergranular phases. 
Coercivity is increased by a higher contiguity of the 
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intergranular region (decoupling of hardmagnetic grains) and 
by suppression of nucleation sites for reversed domains 
(surface hardening of hardmagnetic grains). 
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M-DOPED Nd-Fe-B PERMANENT MAGNETS: NETTING AND MICROSTRUCTURAL INVESTIGATIONS 


ion two types of investigation were per¬ 
formed: 1. The change in the vetting behav¬ 
iour of the liquid phase, at the sintering 
temperature, wa s studied by seasureaents of 
the wetting angle. 2. The slcrostructural 
changes resulting from A1 additions have been 
studied by TEH assisted by EDX and EELS. A 
systematic change was detected depending on 
the kind of A1 addition, either metallic or 


The outstanding . magnetic properties of 
Nd-Fe-B permanent magnets are well known 
since their first development by Croat 1 and 
Sagawa*. Nevertheless the strong decrease in 
coarcivity, H^, with increasing temperature 
combined with the low curie temperature, T c 
(T c -3M*C), still makes these magnets inapp¬ 
licable above 150*C. There have been several 
attempts to improve these properties by add¬ 
ition of different elements 3 '*. The most 
favourable elements are cobalt (Co) arvd alu¬ 
minium (hi). The former increases T c up to 
about 700-c? whereas the latter increases 
by up to 60%*. In this paper our interest is 
focused on the A1 additions and its influence 
on the microstructure, since A1 deteriorates 
the intrinsic magnetic properties of the 
hardmagnetic • phase (Nd j Fe 14 B) 3 ' 7 , the in¬ 
crease in H u in these magnets is believed to 
result from U.-induced microstxuctural chan¬ 
ges. Two microetructural changes are to be 
distinguished: morphological changes and the 


investigate the microstructure 


gated in a special device where melting of 
the sample on a substrate was observed in 
situ. A sequence of photographically recorded 
silhouettes, either as a function of tempera¬ 
ture, the amount of additives or as a funct¬ 
ion of time at a fixed temperature were 
evaluated. The substrate was a small disc of 
polycrystalline t phase (10 mm diameter and - 
0.5 mm thickness) which was ground and 
polished. The sample was a cube of about 2 x 
2 X ' 2 mm 3 with the composition 

Nd45-Fe(48-x)-A1X-B7 (X - 0 1 3; 5: 10), This 
is the approximate composition of the liquid 
at the sintering temperature. Substrate and 
sample were as free from oxides as possible. 
Model end Dlsousslon; For this study, conti¬ 
guity refers to the contact area of adjacent 
grains of the same phase. This means the 
lover the contiguity the more grain bounda¬ 
ries are filled with nonmagnetic Nd-rich 
phase. Assuming that a third gaseous phase 
does not drastically altar the behaviour of 
the liquid, wetting is used as a model 
describing the contact behaviour of the 
liquid during sintering. The vetting angle • 
is defined in Fig.l and is determined by the 
interface energies r m t T pl and (•—solid, 

1-liquid, v-vapour). The gaseous phase is 
given by the ambient atmosphere. The experi¬ 
ments were carried out in an Ar atmosphere of 
•40 hPa, the vapour pressure of the metals in 
the temperature range of measurement can be 
neglected. At the temperature of most inte¬ 
rest (sintering temperature T -1050*C) s 
remained essentially constant for t« 10 min, 
the equilibrium vetting angle, 
the dependence of 0 on the A1 














contacts. The resulting sicrostructure appro¬ 
aches an ideal sicrostructure where all 4 
grains are embedded in an Md-rich phase. 


uolten sasple 



Fig.l Definition of the wetting angle 8. 


Fig.2 Hatting angle 8 vs. A1 content at 
1050'C of the Hd-Fs-B-Al system. 

Mlcrostructural Investigations 
Experimental Procedure; Three different ■ 
sintered sagnets of compositions 

Md20-Fe71.5-B6.5 (HFB), Hd20-Fe71-B6.5-A12.5 
(MFB-Al) and Hd20-Fe71.2-B6.5-A12.3 

(MFB-Al^, Al a 0 3 -doped) were investigated. 
They were all prepared by the conventional 
powder Metallurgical process, sintered at- 
1050*C for 1 h and annealed at 600*c for 1 h. 
For TEN observations the saaples were ground, . 
polished, dimpled and ion-thinned. Hetallo- 
graphic studies were also perforsed in the 
polished state . The TEH observations were 
executed using JEH 200CX with BOX- and EKL8- 
facllities. 

Results and Discussion; A systematic study of 
the dependence of the sicrostructure on the 
kind and/or concentration of A1 addition has 
not yet been completed. The ingot composit¬ 
ions studied yielded "two-phase* sagnets*. 
The sicrostructure was comprised of the hard 
Magnetic phase • and the Md-rich phase) no 
B-rich phase n ( Hd l . c ^« 4 B 4 ) was found, inde¬ 
pendent of whether A1 was added or not. Table 
- I gives the values of the different 

samples. By optical microscopy, it was found 



The second Intergranular phase, pi, contains 
« 67 at.t Kd and 13 at.t Fe Independent of 
the kind of A1 addition. The crystal struc¬ 
ture has not yet been determined. Fig. 3 shows 
a micrograph of NFB containing all three 
- phases. Tha platalats are about 0.1 ps thick! 
and (1-5)ps long. Recant EELS results* show aj 
considerable amount of B so that an overall 
coapoaition of about Md^Fm^B^ can be 

estimated which Matches with the T, phase 1 

reported by Hatsuura 10 and Chaban u , giving a 
composition of about Md^FeB^. Related magne¬ 
tic seasuraMents remain somewhat ambiguous. 
The coapoaition of the nl phase does not 

change in the XI-doped Magnets. This is 

contrary to Schrey”. with the addition of A1 
at least one additional phase appears. Unre¬ 
lated to the kind of A1 addition an A1 con¬ 
taining phase, al, occurs. A lattice period¬ 
icity of (1.2-1.4)ns was determined from 
lattice fringe isaga (Fig.4) and further 
crystallographic experiments are yet to be 
conducted. The composition is given by EDX as 
Nd(Fe,Al) a in accordance with Grleb 15 showing 
the existence of a stable phase Hd(Fe,Al) > in 
the Md-Fe-Al systes. Another most interesting 
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Controversial results on the microstructure of cast 
Nd80-Fel5-B5 alloys have been reported. Our investigations 
revealed a nicrostructure consisting of three phases: the 
hardmagnetic * phase, the platelet shaped boride phase (p) 
Nd 5 Fe 2 B g , identical with the one found in Nd20-Fe73.5-B6.5 
sintermagnets which is embedded within the fcc-Nd phase. A 
new phase with a Nd:Fe ratio of 1:1.1 was found. 

1.Introduction 

TEM studies provide varied information about the different 
phases occurring in the nicrostructure of Nd-Fe-B permanent 
magnets. The most important items to know are their 
composition and morphology. In sintered magnets, besides the 
hardmagnetic * phase (NdjFe^B) and the nonmagnetic Hd-rich 
phase, other phases appear, depending on the ingot 
composition. In case of Nd20-Fe73.5-B6.5 the amount of tj 
phase (Nd 1>1 Fe 4 B 4 ) is reduced so drastically that its 
influence on the magnetic properties can be neglected. 
However, a platelet shaped phase (pi) is observed which has 
not been reported before. First results revealed an Nd:Fe 

i J7Y 




ratio of 2.5:1 [1,2,3]. Further investigations have been 

performed on an as-cast Nd80-Fel5-B5 sample using EDX 
(energy dispersive X-ray analysis) and EELS (electron energy 
loss spectroscopy), preliminary results were given by 
Schneider et al. [4]. Our results, obtained by SEM-EDX 
(scanning electron microscopy), TEM-EDX and EELS confirm 
Schneider's et al. [5] recent interpretation of the 
microstructure. 

The' -cast sample was prepared from 99.8% pure iron, 99.9% 
pure neodymium and a ferro-boron master alloy in an arc 
furnace. It was remelted several times to assure 
homogeneity. 

For the TEM investigations, thin slabs were produced by 
spark cutting, ground and polished to a thickness of about 
100 pm and finally ion-thinned. The microstructure was 
observed by optical metallography. The TEM investigations 
were performed using a JEM 200CX (STEM) with an EDX 
spectrometer and an electron energy loss spectrometer 
(EELS). To reduce the background noise a beryllium double 
tilt specimen stage was used. The energy spectra were 
analysed by a Tracor Northern computer system. 

3.Results and Discussion 

In the optical micrograph of as-cast Nd80-Fel5-B5 three 
phases can be seen (fig.l): a matrix phase (dark), a 
platelet shaped phase and a eutectic phase. The existence of 
just three phases is confirmed by TEM observations as shown 









in fig.2. The Nd:Fe ratios were determined by EDX, fig.3a to 
c show the spectra of the three detected phases and the 
concentration analysis is given in table 1. The three phases 
are: 

- The heavily faulted matrix phase is composed of Nd merely, 
no Fe at all was detected (fig.3a). 

- The platelet shaped phase pi, which has been of most 
interest because it was supposed to be the platelet shaped 
phase pl(NFB) [1,2,3] of pure and A1-doped Nd-Fe-B 
sintered magnets. The investigations reported here 
revealed the identity of these phases; both the striped 
contrast in the TEM micrograph (fig.2) and the ratio Hd:Fe 
- 2.5:1 are the same as observed in the magnets. An EOX 
spectrum of this pi phase in the as-cast sample of this 
investigtion is shown in fig.3b. 

- The eutectic phase (mi) shows a fine grained structure 
observed by TEM (fig.2) . The EDS (fig.3c) gives a ratio 
Nd:Fe - 1:1.1, which can not be related to any known 
phase. 

To obtain information about the B distribution and the 
influence of oxygen EELS was performed. Figures 4a to c give 
the typical electron energy loss spectra of the described 
three phases. Concerning the B content, the pi phase was 
determined to be the only B-containing phase with a ratio 
Nd:B « 1:1.2 to 1.3, a composition which was calculated by 
EDS and EELS analysis to correspond to Nd 5 Fe 2 B g [6] or 
NdjFeBj [7]. Figure 5a gives the B concentration scaled to 
Nd versus the relative thickness t/A (A = mean free path of 
plasmons) of the pi phase. The slight dependence of the B 









content on the sample thickness may result from the analysis 
method. Figure 5b gives the O concentration scaled to Nd 
versus t/A of all the three phases, the Nd matrix, the pi 
phase and the mi phase. However, the oxygen content 
decreases much more strongly with increasing analysed sample 
thickness than the B concentration of the pi phase. Bulk 
oxygen would give a constant Nd:0 ratio. So we can conclude 
that an oxidation process starts at the surface diminishing 
into the bulk. This oxidation may result from the sample 
preparation and/or the oxygen of the ambient atmosphere 
during handling. The oxidized material does not reflect the 
situation inside the bulk of a magnet which presumably might 
be studied at the surface of an in .situ fractured sample 
e.g. by AES. 


Schneider[4] reports of a ferromagnetic phase with the 
approximate composition NdFe 4 O x in as-cast Nd80-Fel5-B5 
which could be contained in permanent magnets. Our studies 
revealed three phases within this as-cast composition. One 
of them is pure nonmagnetic Nd, possibly oxidized. The 
second one could be identified as the pi phase (Nd 5 Fe 2 B 6 ) of 
the Nd-Fe-B sintered magnets. There is a third phase unknown 
hitherto, so it is not possible to attribute the magnetism 
of the as-cast sample to one phase only. Further 
investigations are being undertaken. 
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Figure Captions : 


Fig.l. Optical Micrograph of Nd80-Fel5-B5 (as-polished) 
showing three phases: matrix phase (dark), platelet 
shaped phase, bright phase 

Fig.2. TEN micrograph of Nd80-Fel5-B5 showing the same three 
phases as Fig.l: 

- Hd matrix phase, heavily faulted 

- platelet shaped phase pi, striped contrast, Nd:Fe = 
2.5*1 

- phase mi with fine grained structure, Nd:Fe - 1:1.1 
Fig.3. EDX spectra of the Nd matrix phase (a), the platelet 

shaped pi phase (b) and the mi phase (c) 

Fig.4. EELS spectra of the Nd phase (a), the pi phase (b) 
and the mi phase (c). 

Fig.5. (a) B concentration of the pi phase vs relative 

thickness 

(b) O concentration Of Nd, pi, mi phase vs. relative 
thickness 

The concentrations are scaled to the Nd content, the 
relative thickness t/X is scaled to the free mean path 
plasmons X. 
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